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PROJECT  AlMg 

Development  of  an  Inorganic  binder  for  rise  as  a  matrix  with  glass  fibefS 
(or  other  high  temperature,  non»metallic ^  inorganic  fiber  reinforcement)  thus 
making  possible  the  fabriGation  of  a  non-^metallic  structural  laminate  that  does 
not  deteriorate  sig^iificantljr  upon  es^osure  to  tettperatures  in  the  «65  to 
1200  F  range  (*5h  to  650  C) * 

The  development  effort  was  aimed  primarily  toward  aehievini  the  following 
target  objeGtives  which  are  based  on  high  temperature  radome  requirements: 

a.  The  laminate  shall  have  minimum  notch  sensitivity  and  shall  not  be 
subject  to  brittle  failure, 

b.  The  ultimate  flexural  strength  of  the  laminate  (inorganic  binder  rein¬ 
forced  with  high  temperature  fibers)  shall  be  at  least  1:0,000  psi  after 
exposure  for  1/2  hour  at  1200  F  (600  0) , 

c.  The  larvate  shall  esdiibit  no  loss  in  strength  after  2U  hours  immer¬ 
sion  in  Water  at  room  temperature .  The  increase  in  dielectric  constant 
and  loss  tangent  as  a  result  of  immersion  shall  not  exceed  105?  and  305? 
respectively . 

d .  The  dielectric  constant  of  the  laminate  shall  not  be  greater  than 
5,0  at  10,000  megacycles  in  the  as  received  condition  and  shall  remaiji 
essentially  unchanged  over  a  tenperature  range  to  1200  F,  The  loss  tan¬ 
gent  over  this  tenperature  range  shall  not  exceed  0,010, 

e.  The  specific  gravity  of  the  binder  shall  not  exceed  3.0, 

f .  Techniques  for  fabricating  the  conpletely  inorganic  landnate  shall 
depart  from  present  methods  lised  in  forming  rednfoj^ed  plastic  laodna^S 
to  the  minimum  extent  possible,  particularly  insofar  as  temperatiuti  of 
fabrication  is  concerned , 


ACGCMPLISBiMENTS 


Fused  silica  fifeei*  was  selected  as  tfee  best  Currently  available  high 
tetfjperature  continuous  filament  for  laminate  structures  *  Aluminum  phosphate 
bonded  Cements  were  found  to  be  Consistently  superior  to  Other  materials  test* 
ed  as  matrices  in  fiber  reinforced  laminate  sanples  *  PartiGularly  good  Iasi* 
nate  strengths  were  obtained  vihen  asbestos  microfibers  were  included  as  a  por* 
tion  of  the  filler  content  in  the  cementing  matrix ^ 

Filament  wound  laminate  specimens  (fused  silica  yam  or  roving,  bonded 
with  asbestos  and  zircon  filled  ^uminum  phosphate  cement,  cured  at  300  C. after 
diying  at  1|0  G)  were  characterized  by: 

a.  Unusual  flexibility,  for  a  non-metaiJLic  inorganic  material,  and  vir* 
tual  absenoe  of  notch  sensitivity  on  intact ^  Brittle  failinre  of  the  bond* 
ing  cement  in  flexure  frequently  left  the  san§)le  apparently  unbroken  because 
the  reinforcing  fibers  remained  intact, 

b.  Average  flexural  strength  of  laminate  samples  formed  with  preftensioned 
reinforcement  was  29,000  psi  when  measured  at  room  teniperature,  2U,000  psi 
when  measured  at  500  C  after  1/2  hour  at  tenperature.  Sanples  formed  with* 
Out  pretensioning  averaged  20,000  psi  at  room  teffperature  and  2j»,000  psi 

at  500  G  after  V2  hour  at  temperature.  Ivhen  tested  at  room  tenperature 
after  having  been  heated  at  500  G  the  strength  was  lower, 

e.  Laminate  structures  appeared  unharmed  by  immersion  in  water,  the 
moisture  absomed  (12  to  18$)  was  readily  removed  by  diydu^  and  caused 
no  perraanerit  change  iji  electrical  properties . 

d .  Dielectric  constant  of  the  dry  iandnate  was  in  the  2 ,8  to  3  ,0  rwge 
(9,150  M/sec.)  ar^  did  not  cl^nge  significantly  with  tenperature.  Loss 
tangent  tended  to  be  erratic  in  those  laminates  oontain^g  asbestos. 

I'&en  alunana  replaced  asbestos  as  the  cement  filler,  the  loss  tangent 
measured  at  9,l50  M/sec,  was  0,012,  remaining  essentially  constiuit  oyer 
the  temperature  range  from  20  to  600  C , 

e.  Bulk  density  of  the  porous  Iandnate  ranged  fros  1,6  to  1,8  gn/ee. 

The  specific  gravity  of  a  void*free  laminate  having  this  genial  conposl* 
tion  probably  would  lie  between  2,5  and  2,8  gn/ce, 

f .  ^ceptional  ease  of  fabrication  is  perhaps  the  most  outstanding 

cteracteristic  of  these  laminate  conpositions ,  Because  of  the 
phosphate  adhesive  used,  sinple  evaporation  of  water  from  the  cement 
Slurry  produces  a  strongly  bonded  structure  that  c«i  be  removed  from  the 
forming  mandrei  for  curing  at  300  G ,  thoroughly  heated  at  this  low 

temperature  the  cement  becomes  permanently  "set". 
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CONCLUSiaUS  AM)  RECOMMENDATIONS 


The  laminate  described  is  suitable  for  certain  limited  high  tefi^eraturi 
applications  but^  in  its  present  state  of  development ^  lacks  a  niimbef  of 
desirable  characteristics »  The  experience  gadned  in  working  with  this  novel 
combination  of  materials  has  provided  a  basis  for  further  progress  and  has 
specified  the  problem  areas  reqnirirg  intensive  developmental  effort » 

Even  the  strongest  of  our  inorganic  laminate  sanples  utilize  vei^  little 
of  the  inherent  strength  of  the  reinforcing  fiber  because  of  the  relatively 
slight  extensibility  of  the  crystalline  bonding  matrix.  A  small  increase  an 
bond  extensibility  would  notably  increase  laminate  strength.  A  distanct  but 
less  dramatic  improvement  would  accrue  from  a  decrease  in  voids  within  the 
bond . 

Tlie  prevalent  loss  of  strength  not-;  observed,  when  laminates  are  tested  at 
room  temperature  after  having  been  subjected  to  high  tenperature,  we  believe 
derives  from  the  differential  thermal  expansion  of  bonding  cement  and  fused 
Silica  reinforcing  fiber;  along  with  the  slow  annealing  of  the  fiber  which  is 
placed  in  tension  at  elevated  temperatures .  Modification  of  the  aluminam 
phosphate  adhesive  bond  and  change  in  cement  filler  content  to  provide  a  then*! 
mal  es^ansion  more  nearly  approaching  that  of  fused  silica  should  prove  adTan» 
tageous .  Further  advances  in  laminate  strength  may  also  be  realized  >dien  reine 
forcing  fibers  having  hi^er  elastic  moduli  and  amealing  temperatares  becomt 
ay^lable , 

Loss  of  fiber  integrity  and  consequent  embrittlement  of  ^e  reinforcing 
fibers  due  to  inter»-fiber  sintering  at  high  ten^erature  is  one  of  the  problenui 
requiring  attention.  Modification  of  the  aluminum  phosphate  adhesive  to  sup» 
press  its  reactivity  with  the  fused  silica  fiber  reinforcement,  and  developmedb 
of  a  suitable  protective  film  for  the  continuous  filament  reinforcement,  art 


iii 


tvo  appfoaehfes  that  ha\re  been  tfied  with  some  degree  of  sucoess*  Ptif^er  Bitoft 
in  this  area  is  . 

We  are  oomrinGed  that  the  fulJL  Gapabilities  of  relnfofced  inorganic  3aBi« 
nates  have  scarcely  been  tapped  *  Their  potentiai  worth  as  strong, easily  fabric 
Gated  ^  temperature  resistant^  structures  strongly  reGommends  that  further  effort 
be  directed  toward  the  contlmied  development  of  this  youngest  met^r  Of  the 
laminate  family  ^ 
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STRESS  STRAIN  CURVES  FOR  LAMINATE  COMPONENTS 
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‘  ELONGATION  «  PENCINT 
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Fibef*  feinfoPced  inopganiG  lamiflates  are^  inevitably,  Gon^lex  GGn^osite 
strnetures  *  The  physical  properties  of  such  composites  are  governed  by  the 
physical  and  chemical  interaction  of  the  several  eofr^onent  phases »  For  this 
reason  it  is  difficult,  if  not  iifpossible,  to  truly  isolate  one  phase  from 
another  for  purposes  of  experiment  or  discussion  *  Convenience  in  presenting 
the  ejperimental  results  has  dictated  an  artificial  segregation,  but  it  uill 
soon  be  noted  that  an  understanding  of  the  behavior  and  contribution  of  any 
one  phase  in  the  laminate  structure  requires  a  consideration  of  effects  due 
to  many  other  factors , 

Although  there  is  a  superficial  similarity  between  fiber  reinforced 

plastic  and  fiber  reiirforced  inorganic  laminates,  in  the  present  state  of 

the  art,  they  are  fundamentally  quite  dissimilar.  The  situation  is  pictor* 

ialized  in  Figure  1  which  presents  a  simplified  and  idealized  version  of  the 

strength  capabilities  of  laminate  Systems .  For  the  sake  of  demonstration  we 
« 

have  assumed  laminates  constructed  from  equal  volumes  of  binder  and  reiiH 
forcing  fiber,  so  that  a  load  applied  to  the  laminate  is  distributed  betwenn 
binder  and  reinforcement  in  proportion  to  their  respective  elastic  moduli. 

The  reported  tensile  strength  of  U00,000  psi  with  3  elongatipm  is  showB 
for  "E"  glass,  though  in  practical  use  the  realized  values  siay  be  no  mors 
than  half  of  these .  Our  assunption  that  inorganic  binders  may  elongats  by 
Q.2$%  before  rupturing  is  in  the  realm  of  wisMul  thinking.  But  dfspits 
assunptions  and  approximations,  the  diagram  does  clearly  show  (as  mors  f^dly 
discussed  in  Report  17  pp.  12a«lh)  the  material  requirements  that  are  needed 
to  produce  hi^  strength  lamlnateg. 

As  demonstrated  in  Figure  1,  the  phenomenal  strength  displayed  by  fibtr 
reinforced  plastie  laminates  if  attributable  to  the  ability  of  the  low  sodiAus 
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plastic  mati*ix  to  stretch  sufficiefltly  t»hen  loaded  to  allow  the  relatively 
high  modulus  glass  reiiiforeing  fibers  to  assume  their  maximum  bm*dei*  Om  the 
other  hand,  glass  fiber  reinforced  laminates  bonded  by  inorganic  cements 
(with  their  normally  high  modulus ^  low  strength  and  low  extensibility)  cannot 
take  advantage  of  more  than  about  25^000  psi  of  the  possible  1*00^000  pii 
strength  of  the  reinforcing  fibers  because  of  bond  failure  due  to  limited 
extensibility . 

Glearly,  there  are  two  means  for  obtaining  higher  laminate  strengths: 

1.  Use  a  more  extensible  binder  so  that  a  larger  portion  of  the  strength  of 
the  reinforcing  fibers  can  be  utilized .  A  ceramic  binder  capable  of  only  1^ 
extension  would  allow  100,000  psi  to  be  assumed  by  the  fiber # 

2  i  tise  a  higher  modulus  fiber  so  that  more  fiber  loading  occurs  before  the 
extension  limit  of  the  binder  is  exceeded .  A  reiitf orcement  having  twice  the 
12  X  lO^'psi  modulus  of  "E"  glass  would,  in  effect^  double  the  available 
strength  of  the  fiber.  Using  the  present  binder,  it  would  be  possible  to 
realize  the  total  strength  of  the  reinforcing  fiber  if  the  fiber  had  an  elan- 
tic  modulus  in  the  100  X  10^  psi  range.  Development  of  thin  wonder  fiber  in 
not  likely  to  be  aecon^lished  in  the  »»ar  future. 

Two  less  Obvious  methods  for  in^roring  laminate  strengths  are  alSP  iahm 
dieatedt 

1,  Modification  of  the  binder  to  produce  controlled  ndcrp« cracking  ttans 
"fooling"  it  into  a  greater  extensibility  without  cpn^lete  rupture . 

2.  Pre-stressing  the  fiber  reiirfprcement  in  tension.  This  places  the  blsdsr 
under  a  compressive  stress  which  must  be  overcome  by  extension  of  the  loaded 
fiber  before  any  extension  of  the  bond  occurs . 

One  other  feature  that  differentiates  plastic-bonded  from  Inorganie 
cement-bonded  landnates  lies  in  the  jnteraetion  between  the  bonding  matrix 

•-2- 


and  the  nelnfbreing  fibers  *  In  the  plastie  bonded  system  the  reinforeiag 
fibers  are  able  to  aet  independently  of  each  other  not  only  because  of  the 
elastic  quality  of  the  encapsulating  plastic  but  also  because  a  physical^ 
rather  than  chemical,  bond  between  glass  and  plastic  allows  a  slight  amount 
of  stress^equalizing  sliroage*  M  contrast,  an  inorganie  cementing  matrix 
fails  by  cracking  and  these  cracks  serve  as  stress  risers  in  the  laminate 
structure .  Crack  propagation  from  the  brittle  matrix  through  the  fibers  is 
aggravated  by  strong  inter*! iber  bonding  that  is  probably  chemical  in  nature. 

Thus  we  see  that  a  many  faceted  af^roach  is  required  for  the  actual 
development  of  a  high  strength  inorganic  bonded  laminate  structure.  First  we 
require  a  fiber  reinforcement  having  the  highest  possible  elastic  modt^us  and 
tensile  strength.  Next  we  must  make  every  effort  to  retain  these  properties 
■when  the  fibers  are  imbedded  in  an  inorganic  bonding  cement.  Ideally,  the 
bonding  cement  Should  be  capable  of  an  extension  approaching  that  of  the 
fiber  reinforcement.  Lacking  this,  the  cement  bond  must  have  an  elastic 
modulus  exceeding  10^  psi  and  the  highest  possible  extensibiiity , 


cop iroous  FiLAMEMT  REINFORCING  FIBERS  FOt  MICH  IMFERATl®  lAMllAfM 


Any  fiber  intended  for  use  as  the  reinforcement  in  a  hi^  teaperature 
(1200  F)  laminate  structure  must,  obriously,  have  a  high  tensile  strength  at 
both  loM  and  high  temperatures. 

Probable  lack  of  high  temperature  strength  excluded  "E"  glass  fiber  (so 
uidely  used  in  reinforced  plastics)  from  serious  consideration  as  high  teap- 
erature  reinforcement,  but  its  ready  availability  made  it  a  convenient  mater* 
ial  for  use  in  many  tests .  Inorganic  bonded  "E”  glass  filament  wound  laminate 
samples  tested  in  flexure  failed  by  plastic  flow  in  the  600  -  700  C  (1100  » 
I3O0  F)  region  and  doubtless  would  exhibit  creep  at  much  lower  temperatures, 
(see  Report  VTII,  pp,  12*1U) 

The  more  refractory  Ref rasil  fiber  (from  H.  I.  Thompson  Glass  Prod*,  a 
96%  SiOg  glass  made  by  chemical  leaching  of  "E"  glass  cloth  or  yam)  had  poor 
initial  strength,  less  than  l/lO  that  of  the  parent  "E"  glass.  Preliminary 
tests  indicated  that  the  strength  of  this  material  could  be  improved  to  some 
extent  by  heat  treatment .  (See  Report  I,  pp ,  IO-I6)  A  similar  high  Silica 
content  glass  fiber  (obtainable  in  experimental  quantity  from  Oweiis ^Coming 
Fiberglas  Co.)  is  reported  to  have  low  initial  strength  also  aiid,  consequent^ 
ly  was  not  included  in  our  investigaMon. 

Some  high  silica  content  glass  fibers  were  drawn  from  a  rod  of  Tycor  in 
the  General  Engineering  Laboratory.  Their  room  temperature  tensile  strength 
was  found  to  be  similar  to  that  of  comparably  handled  pure  silica  glass  fibers 
and  their  service  temperature  limdt  was  estimated  to  be  IROO  F  (9PO  C) ,  If 
made  available  in  commercial  quantities,  such  fibers  might  be  appliGable  as 
high  temperature  reinforcing  filaments,  (See  Reports  17,  pp,  37*3^*  VI, 

pp.  17*18) 

Due  to  production  difficulties,  Rouze  Glass  Co,  was  tmable  to  suj^ly  us 
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with  expefimesital  qiiantities  o£  the  high  tempefaturei  high  modulus  j  aluminum* 
silicate  fibef  being  developed  by  them*  land  dfava  fibers  are  said  to  show 
an  elastic  modulus  as  high  as  k9  t.  10^  psi  and  tensile  Strength  in  excess  of 
IjOOOjOOO  psi»  lowever,  the  fiber  is  reportedly  prone  to  mechanical  degrada* 
tionj  a  slight  mechanical  shock  not  oi^y  reduces  the  tensile  strength  but 
also  reduces  the  modulus  of  elasticity*  (See  Reports  II ^  p,  7>  and  VI ^  pp* 
1^17) 

The  high  modulus  (16  to  18  X  10^  psi)  betylliarcontaining  glass  fiber* 
made  by  Ch^ens  Coming  Fiberglas  Oorp .  for  Wright  Air  Development  Genteri  is 
reported  to  have  a  service  temperature  limit  somewhat  less  than  that  of  "E" 
glass*  Therefore,  this  fiber  is  unsuitable  as  a  high  temperature  reinforce¬ 
ment  *  However,  several  inorganic  bonded  filament  wound  laminate  sai^les  were 
fabricated  from  this  high  modulus  glass  fiber,  which  was  obtained  as  200  fila¬ 
ment  roving  with  a  silane  finish.  The  results  of  room  temperature  flexural 
tests  on  these  specimens  were  quite  disappointing  since  the  strength  was  about 
half  that  obtained  with  roughly  comparable  silica  glass  reinforced  laminates* 
Fabricating  difficulties  in  handling  the  delicate  rOving  and  probable  sensi¬ 
tivity  of  the  high  modulus  glass  to  mechanical  damage  midoubtedly  contributed 
to  the  poor  strengths  observed,  (See  Report  VII,  pp.  3h^0)  That  the  lower 
strength  was  not  directly  caused  by  the  higher  modultis  of  the  fiber  but  occur¬ 
red  in  spite  of  it,  may  be  judged  from  the  several  tests  made  on  laminate 
samples  reinforced  with  asbestos  yam  having  a  core  Of  Monel  wire  (elastic 
modulus  26  X  10^  psi)  or  a  core  of  fiber  glass  (elastic  modulus  12  X  10^  psi) . 
Here  a  notable  $0%  improvement  in  laminate  strength  aceonpanied  the  use  of  the 
higher  modulus  reinforcement,  (See  Report  VII,  pp*  32»3k) 

High  purity  fused  silica  fibers  drawn  from  quartz  glass  appeared  to  be 
the  only  high  strength,  high  tenperature  continuous  filament  reinforcement 


pfesefltiy  available  ia  commeircial  quantity.  Initially  ve  wefe  able  to  Obtilfi 
this  fnatefial  fi^om  the  0.1.  Lamp  Olass  Dept.,  Cleveland,  OhiOj  as  Stanch»oll 
Goated  fibers  in  the  form  of  1^0  U/3  yam.  The  larfest  proportion  of  the  work 
done  on  this  project  involved  the  study  of  these  fused  SiO^  fibers  in  the  fora 
of  100  U/3  yam  as  laminate  reinf oreement .  SiO^  fibers  later  became  available 
as  12  end  roving  and  woven  cloth. 

FUSED  Si02  YARN  STHENGTH 

Individually  tested  fused  SiO^  fibers  are  reported  to  have  phenomenally 
high  tensile  strength,  providing  that  they  are  tested  in  their  pristine  "as 
drawn"  condition.  Such  strength  is  not  to  be  ejqjected  from  yam  strands  com* 
posed  of  fibers  which  have  undergone  a  starch-oil  coating  treatment,  twisting, 
and  handling  in  uncontrolled  atmospheres .  t>Aiat,  then,  is  the  practical 
strength  of  a  2hOO  filament  strand  of  this  100  k/3  fused  $i02  yam?  And  how 
is  this  strerigth  affected  by  subsequent  treatment  that  the  yam  receives 
when  incorporated  aS  reinforcement  in  a  laminate  structure?  To  answer  these 
questions,  a  sinple  tensile  test  was  used  (See  Reports  III,  p.  11,  wid  17, 
p.  18)  in  which  a  2li00  filament  strand  of  the  yam  was  loaded  at  the  appro^* 
mate  rate  of  3,000  gms/min.  until  broken.  The  observed  breaking  loads  pro* 
vided  comparative  values  of  yam  strength  following  various  treatments , 

The  tensile  load  required  to  break  the  100  U/3  Si02  yam  "as  received" 
varied  somewhat  from  spool  to  spool  and  more  greatly  from  batch  to  batch,  re* 
fleeting  probable  variation  in  production  conditions  and  changes  in  relative 
humidity  of  the  atmosphere  in  which  the  sanples  were  tested .  Bre^^ng  loads 
ranged  from  10  to  l6  Kgms .  We  were  not  surprised  to  note  that  yam  heated  at 
90%  120^  or  200*0  to  drive  off  moisture  always  displayed  increased  tensile 
strength  (in  the  12  to  26  Kgm.  range) .  Nor  was  it  unusual  to  find  that  yam 
tested  after  exposure  to,  or  immersion  in,  water  invariably  broke  with  lower 

—6* 


loads  (6  t©  10  Kgm)  *  Silicate  glasses  are  notorious Ijf  sensitive  to  moisttiri 
attack^  partiGularly  when  stressed  j  a  charaGteristic  that  is  shared  by  pure 
SiOg .  Strength  lost  because  of  moisture  attack  on  the  stressed  was  al“ 
most  completely  recovered  if  the  yam  strand  was  thoroughly  dried  before  test* 
ing*  (See  Reports  III  p  l2j  Iv  p  I9j  7  p  2?;  p  20j  and  p  h8) 

But  how  strong  was  this  yam  at  elevated  temperatures?  We  were  dismayed 
to  find  that  a  strand  of  the  SiOg  yam  "as  received"  had  a  negligible  tensile 
strength  following  exposure  to  $00  G ,  Burning  off  of  the  starch*oil  binder, 
which  had  provided  low  tenperature  lubrication  between  fibers,  accounted  for 
a  certain  loss  in  strength  attributable  to  abrasion  damage.  But  heat  treated 
yam,  if  re  lubricated  with  motor  oil,  regained  only  one  third  of  its  original 
dried  strength.  Some  irreparable  damage  seemed  to  have  occurred. 

Yam  samples  before  and  after  heating  at  $00  C  for  16  hours  gave  identi¬ 
cal  X-»ray  powder-defraction  patterns,  thus,  no  detectable  devitrification  of 
the  glass  had  developed  as  a  result  of  the  extended  heat  treatment . 

We  Were  fortunate  in  being  able  to  obtain  some  veiy  revealing  electron 
micrographs  of  the  starch*oil  coated  SiOg  fibers  before  and  after  heating . 
these  were  compared  with  micrographs  of  uncoated,  hand-»drawn,  Si02  fibers 
(before  and  after  heat  treatment)  and  silane^coated  "E"  glass  fibers,  simi» 
larly  heated  at  ^00  C .  the  uncoated  Si02  fibers  ajpeared  to  have  "withered" 
slightly  when  heated ,  the  silane  coated  "E"  glass  displayed  a  somewhat  pitted 
surface  with  a  shallow  area  that  had  apparently  "scaled  off"  after  firing. 

But  these  surface  defects  were  negligible  when  conpared  with  the  catastrophic 
surface  distruction  that  occurred  when  "as  received"  starch^oil  coated  Si02 
fiber  was  heated , 

Some  similarly  drawn  but  uncoated  SiOg  fibers  were  obtained  from  0,  E. 
Lamp  Glass  Bept,  (o,li  mil  diam.)  and  from  Libby  Owens  Ford  (o.oh  mil  diam.), 
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Ill  election  mlcfographs  these  fibei^  appeared  to  hare  dereloped  mirsute  poreS| 
after  heat  treatment  at  500  C*  But  this  effect^  when  further- magnified ,  seem¬ 
ed  to  consist  of  a  sretem  of  tiny  ridges  suggesting  a  very  thin  surface  skin 
covering  a  slightly  contracted  interior  volume.  Certainlyy  the  surface  suffer¬ 
ed  no  gross  damage  from  heating  ^  fhese  observations  strongly  suggested  that 
the  starch-oil  coating  usually  applied  to  the  SiO^  fiber  was  in  some  way  caus¬ 
ing  the  damaged  surface,  and  consequent  very  low  strength,  of  the  heat  treat¬ 
ed  siOg  yarn 4  (See  Peport  If,  pp  28-35).  Subseauentlyy  we  learned  that  the 
starch-oil  finish  contained  an  appreciable  quantity  of  sodium,  and  that  even 
a  trace  of  sodium  in  contact  with  vitreous  silica  at  elevated  tesperatures 
promotes  divitrification  and  characteristic  spalling  of  the  glass  surface* 

SiOg  TARN  TraiATMENt 

A  method,  other  than  heat  treatment,  was  devised  for  removing  the  offend¬ 
ing  starch-oil  coating  that  was  present  on  the  SiO^  yarn  "as  received" *  The 
method  is  fully  described  in  Report  If  pp  21-23 .  Essentially,  it  involves 
treating  the  yarn  by  repeated  boiling  in  water  to  remove  the  starch, and  vapor 
de-greasing  with  trichlorethylene ,  l^hen  carefully  handled,  the  yarn  appeared 
to  suffer  little  real  loss  in  low  temperature  strength  as  a  result  of  remov¬ 
ing  the  organic  protective  coating ,  (Report  7  pp  10-11) .  Gleaned  yarn,  after 
heating  in  the  previously  disasterous  C  range,  approached  the  strength 
of  the  yarn  "as  received"  if  the  fibers  were  oil-lubricated  before  testing. 
However,  it  was  noted  that  clean  yarn  tended  to  stiffen  slightly  and  suffer 
from  inter-fiber  bonding  when  subjected  to  temperatures  as  high  as  62$  C , 

Obviously  some  non-destruetive  fiber  coating  was  needed  to  prevent  sin¬ 
tering,  ar^  to  provide  lubrication  for  the  fibers  at  both  low  and  high  tenpera- 
tures ,  Besized  yarn  dipped  in  Bri  Film  (a  mixture  of  chlorosilanes)  retained 
some  strength  after  being  heated  in  the  $00  C  range  but  the  treatment  gave  no 


pfotectioft  at  highef  temperatures  *  Pre-treatiag  the  cleaned  3ram  \tf  dipping 
it  in  a  solution  of  magnesium  methylate  in  methanol,  followed  by  heating 
at  150  G  to  decoit^ose  the  organic  compound  and  produce  a  micro  cs^irstalline 
deposit  of  magnesium  oxide,  proved  most  effective  in  preserving  the  yam 
strength  when  tested  at  high  as  well  as  at  low  ten^eratures ,  However,  an 
excess  of  MgO  deposited  within  the  yam  bundle  could  be  detrimental,  causing 
some  stiffening  and  even  yam  damage  in  extreme  cases  ^  (see  Reports  17  pp 
2U^26;  f  pp  11-13 j  arri  VI  pp  12»15) 

Several  other  materials  and  methods  were  briefly  tested  as  possible  hi^ 
ten^erature  fiber  protectors  *  (See  Reports  III  pp  23»2Uj  V  pp  39;  VS  pp  BO¬ 
SS)  These  included  iitpregnation  of  the  yam  with  copper  conpounds,  cadmium 
iodide,  or  water  soluble  magnesium  salts,  treatment  of  the  yam  with  a  low- 
strength  magnesium-aluminum-phosphate  binder,  deconposition  of  GrO^  to  deposit 
Cr203,  and  coating  the  yam  with  aluminum  or  with  metal  stearates.  Of  these, 
the  latter  appears  to  offer  the  greatest  promise  if  some  means  Of  coating 
individual  fibers  with  a  very  thin  stearate  film  can  be  devised .  Such  a  coat¬ 
ing  would  provide  not  only  initial  inter-fiber  lubrication  and  subsequent  hi^ 
temperature  deposition  of  a  micro-crystalline  oxide  protective  layer  but  also 
would  serve  initially  as  an  inert  barrier  to  moisture  and  possibly  prevent 
the  loss  of  yam  strength  through  chemical  or  physical  interaction  with  the 
bonding  cements  used  in  the  laminate  structure. 

EFFECT  OF  BONDIIG  CQI-IPOSITIONS  OM  Si02  lARH 

In  fabricating  cement-bonded  laminates,  one  of  the  first  conditions  en¬ 
countered  by  the  reinforcing  fiber  is  immersion  in  the  acidic  or  basic  water- 
diluted  cement  slurry.  As  shown  in  Table  II,a  distinct  but  recoverable  drop 
in  the  tensile  strength  of  fused  Si02  yam  is  associated  with  the  presence  of 
moisture,  ^i/hat,  then,  is  the  effect  of  those  acidic  or  basic  solutions 
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may  be  present  in  the  bonding  eement? 

A  fev  early  tests  confirmed  our  ej^ectation  that  the  SiOg  yam  would  bo 
sadly  wealcened  ej^oaure  to  alkaline  solutions  such  as  sodium  silicate  * 

Even  yam  strands  wet  with  alkaline-stabilized  colloidal  silica  suspensions 
were  notably  weaker  than  when  wet  with  distilled  water.  ^  con^iarison  the 
wet  strength  of  yam  treated  with  acidic  solutions  aj^eared  to  suffer  oi^y 
slightly.  (See  Report  III  p  12) 

Particular  interest  was  directed  toward  the  effect  of  phosphoric  acid 
since  aluniniifn  phosphate  bonded  cements,  frequently  containing  unreaeted 
H^PO^,  were  principally  used  throu^out  the  program.  Tests  showed  that 
starch-oil  coated  yam  (as  received),  after  being  immersed  in  30%  H3P0h  at 
room  temperature  for  15  hours,  washed,  neutralized  with  a  dilute  ammonia  solu¬ 
tion,  and  dried  at  70  C,  required  a  tensile  breaking  load  of  10.5  Kgm.  This 
may  be  con^iared  with  the  13.5  Kgm  required  to  break  dried,  untreated  yam 
taken  from  the  same  spool.  A  similar  test,  conducted  with  desized  yam, 
produced  results  showing  the  breaking  load  dropped  from  22  Kgm  to  about  15 
Kgm  T;hen  desized  yarn  was  acid  treated .  Such  a  difference  in  behavior  between 
coated  and  uncoated  yam  clearly  demonstrated  the  protection  afforded  by  the 
starch-oil  coating  but  did  not  indicate  whether  it  furnished  protection  from 
chemical  corrosion  or  from  physical  abrasion.  Fiber  damage  due  to  handling 
may  well  account  for  some  if  not  all  of  the  strength  loss ;  (See  Report  VI 
pp  19-20)  In  another  test  "as  received"  yam  wet  with  distilled  water  broke 
under  a  10  Kgri  load  while  the  strength  of  the  yam  after  2  1/2  hOTUTS  immemion 
in  60%  H3P0^  appeared  to  be  9  Kgm.  But  the  acid  treated  yam,  after  being 
heated  overnight  at  90  C,  could  support  only  7 #5  Kgm  as  opposed  to  18  Kgm  for 
yam  similarly  dried  after  water  immersion.  Following  1/2  honr  exposure  to 
either  200  C  or  500  C  the  acid  treated  yam  broke  when  loaded  with  approximate 


ly  I  Kgm  (Report  lU  p  12)  *  fhms  it  seeffis  that  e^ea  though  orthophosphoric 
acid  may  aot  partiGularly  harm  the  SiO^  fibers  at  room  temperatufe,  its  pre# 
aenCe  at  slightly  elevated  ten5)eratures  can  be  disasterous . 

If  alTifid-imm  phosphate  was  present  in  the  bonding  solution^  haying  been 
fomed  by  reaction  of  aluminum  hydroxide  with  phosphoric  aCid,  or  by  solutibn 
of  alumiaum  phosphate  in  the  acid,  a  somewhat  different  result  was  obtained, 
even  though  the  solution  with  which  the  SiO^  yaiTi  was  treated  was  strongly 
acidic  i  As  shewn  in  Tabls  H: 

1.  Tam  which  was  tested  when  wet  with  alurninum  phosphate  containing 
solutions  had  strength  similar  to  yam  wet  with  phosphoric  acid  « 

2 .  Treated  strands  that  had  dried  at  Iotv  temperature  before  testing 
were  stronger,  reflecting  the  effect  of  the  highly  polymerized,  flexi* 
ble,  bond  formed  by  aluminum  phosphate  solutions .  Such  a  bond  apparent* 
ly  helps  to  distribute  the  load  and  acts  as  an  inter-fiber  Cushion. 

3  .  If  tested  after  having  been  heated  for  1/2  hour  at  200  C,  elininat* 
ing  mechanically  held  water  from  the  flexible  bond,  many  of  the  treated 
$i02  strands  had  strengths  comparable  to  and  in  some  cases  exceeding 
the  strength  of  thoroughly  dried  but  untreated  yam. 

It.  A  t3^ical  loss  of  strength  due  to  ciystalliza'^on  of  aluminum  phos* 
phate  was  shcn-m  by  some  of  the  treated  strands  When  heated  at  ^00  C. 

3 .  Those  yam  strands  that  retained  good  strength  at  500  G  had  been 
treated  with  a  magnesium  -  containing  aluminum  phosphate  compositipn. 

The  behavior  of  this  group  of  samples  is  not  totally  explainable  at 
present . 

Aluminum  phosphate-troated  Si02  yam  strands  heated  for  hour  at  500  0 
were  usually  quite  brittle  and  suffered  a  consequent  loss  in  strengths  Mcrp^ 
scopie  examination  revealed  that  the  bonding  phase  had  crystallized  and  lost 
flexibility.  Individual  Si02  fibers,  rigidly  held  in  this  hard  matrix,  could 
no  longer  function  independently.  The  bond,  which  at  lower  ten^eratures  had 
served  as  a  stress  distributor,  now  acts  as  a  stress  concentrator.  And  yet 
there  were  two  magnesium-alumirrum®phGsphate  bond  conpositions  in  the  series 
that  caused  very  little  harm  at  000  C .  The  ej^lanation  for  their  exceptional 
behavior  may  involye? 

1,  less  chendcal  reaction  between  bond  and  SiOg  fiber  due  to  the  more 
effective  neutralization  of  phosphoric  acid  by  the  magnesia  incorporated 
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iji  the  bond  compos  lti6flj| 

2 .  possibly  mope  bond  flexibility  Op  plasticity  at  hi^  temperatures 
than  shown  ^  alumHim  phosphate  alone; 

3  *  development  of  blochy  crystals  in  the  bonding  phase,  giving  less 
bond  cohesion  than  produced  by  the  needle  shapes  habitually  formed  by 
anhydrous  aluminum  phosphate; 

lii  the  Ciystals  may  have  thermal  ej^ansion  characteristics  compatible 
with  the  fused  SiOg  fiber.  (See  Report  VII  pp  U8  «  66  *  7%) 

In  Table  II  you  will  note  two  bond  coirpositions  that  produced  unusually 

low  stfength  when  the  treated  yam  was  tested  t-thile  wet .  These  two  (unheated 

33 »  and  cement  fortrailation  3)  were  atypical  in  that  they  contained  much  un* 

reacted,  finely  granular,  material  capable  of  abrading  the  SiOg  fibers  and 

thus  destroying  yam  Strength.  However,  even  yam  strands  treated  with  these 

corpositions  followed  the  trend  Of  the  others  by  showing  an  inprovement  over 

wet  strength  when  dried  and  exposed  to  200  G .  VJhile  phosphoric  acid  treated 

yam  obviously  was  degraded  by  this  heat  treatment  (which  failed  to  form  a 

flexible  bond  between  the  fibers  and  succeeded  or^y  in  accellerating  chemical 

attack),  the  formation  of  the  aluminum  phosphate  bonding  compound  was  promoted 

by  temperatures  in  the  200  G  range .  Those  bonding  conpositions  in  which  the 

aluminum  phosphate  bond  could  form  developed  a  firm  though  somewhat  flexible 

adhesive  phase  which  probably  cushioned  the  individToal  Si02  fibers  while  hold<i» 

ing  them  in  place ,  In  addition,  the  dried  bond  was  capable  of  bearing  Spoie 

load  ,  These  physical  attributes  appear  to  conpensate  in  some  measure  for  any 

sinraltaneous  chemical  corrosion  of  the  $i02  fibers  which  may  have  oecurrad 

due  to  the  presence  of  reactive  phosphoric  acid , 

The  high  strengths  realized  by  yam  strands  encased  in  the  relatively 

weak  bond  formed  at  low  tenperature  by  hydrolized  ethyl  silicate  shows  that 

the  readily  friable  silica  gel  deposited  arouiKi  the  yarn  fibers  acted  as  a 

lubricant  and  stress  distributor.  After  the  fOO  C  heat  treatment  the 

drying  and  firing  shrinkage  of  this  gal  probably  produced  small,  sharp  adgad 

particles  strong  enough  to  function  as  stress  concentrators  when  the  yam 

•12- 


stfand  was  tested*  fhis>  in  addition  to  the  pfobahle  SnsrfaGe  spalling  Of 
stafch^Oil  coated  yar*  when  heated  at  $00  G  could  feadlly  account  fos*  the  yefy 
low  yatn  strength  observed  * 

Summarizing  this  phase  of  the  investigation  it  seems  that^  with  but  one 
exception^  yam  san^les  treated  with  various  types  of  adhesive»forming  solu¬ 
tions  or  slurries  and  tested  at  $QO  G  (or  at  room  teffperature  after  ejqpostu^ 
to  Soo  C)  displayed  a  disasterous  loss  of  strength.  In  most  instances  this 
appeared  to  be  due  to  loss  of  fiber  integrity.  T'^ether  this  resulted  from 
chemical  interaetion  between  the  fibers  and  the  bond  or  was  due  singly  to  a 
physical  encapsulation  of  fibers  in  a  brittle  matrix  was  not  determined  *  The 
obvious  remedy,  however,  seemed  to  be  in  either  the  discoveiy  of  a  flexible 
inorganic  bond,  stable  at  hi^  temperatures ^  or  the  development  of  a  treatment 
for  the  yam  that  would  prevent  penetration  of  the  binder  into  the  interior 
of  the  fiber  bundle  and  thus  preserve  a  portion  of  the  Si02  yam  strength. 
FP0TIX:TI7E  yarn  ehca^ul/ltiow 

Gonsiderable  effort  was  devoted  to  testing  various  means  for  preventing 
the  penetration  of  the  bonding  cement  into  the  interior  of  the  reinforcing 
fiber  bundle .  Such  protection  would  prevent  degradation  of  yam  strength  due 
to  interaction  between  individual  fibers  and  the  bond  at  high  temperatures 
and  also  would  preserve  the  yam  strength  during  fabrication  of  laminate 
structures,  allowtog  the  desired  pre»stressing  techniaues  to  be  used.  To 
test  the  efficiency  of  films  in  protecting  the  yam  from  harm  during  its 
fabrication  into  laminates,  treated  struids  of  the  yam  were  given  a  180* 
bend  before  being  dipped  in  the  binder  for  1$  seconds  in  the  bent  positicm. 
The  strength  of  the  yam  was  then  tested  in  tension, 

AS  a  result  of  such  tests  it  was  found  that  low  viscosity  liquids  such 
as  silicone  oils,  mineral  oils,  etc,,  were  not  particularly  effective.  Solid, 
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hon^ertensiblej  coatings  such  as  payafflil  failed  Clacking  *  Good  yaiH  Oft* 
vfelopment  was  obtained  using  somewhat  elastic  materials  such  as:  Ipoliftes 
(lastnan  Chemical  Prod.)  hot  meltj  viscous >  low  molecular  weight,  polyethylene 
and  polyethylene  oxide  conpositions}  Pliobond  (Goodyear  Tire  and  Ihibber  Co.) 
a  solvent  solution  of  phenolic^rubber  which  tends  to  "skinover”  leaving  lunps 
on  the  fiber;  and  Peele»Kote  (Hunray  Prod.)  a  solvent  solution  of  highly 
plasticized  polyviryl  chloride  which  is  easily  applied  as  a  thin,  extremely 
flexible,  encapsulating  film.  Yam  dipped  in  Dri«Film  SC??  (G.1.  Silicone 
Products  Dept.)  a  mixture  of  chlorosilanes,  was  found  to  be  excellently  pro¬ 
tected  but  so  water  repellent  that  it  failed  to  pick  up  the  bonding  cement. 
(See  Reports  III  pp  30-3hi  and  17  pp  UG-1*3) 

For  one  reason  Or  another  none  of  the  above  protective  treatments  were 
Sufficiently  effective  to  allow  proper  pre-stressing  of  the  reinforcing 
fibers  during  the  fabrication  of  cement  bonded  laminate  san^jles .  However,  a 
final  test  was  made  using  heat-cleaned  fused  Si02  12  end  roving  heavily  im¬ 
pregnated  (20-25^)  with  silicone  resin  (Dow  Coming  DC-2106),  as  suggested 
in  the  ^lADC  Report  May  1908.  FJith  this  prepreg  it  was  possible  to 

form  filament  wound  laminate  samples  using  a  Kidde  con^ensator  as  a  tension¬ 
ing  device  exerting  up  to  0  pounds  tension.  Ifi^roved  coating  techniques  may 
allow  a  reduction  in  the  resin  content  which,  at  present,  seems  uraieccessarily 
high,  (See  Report  Till  pp  17*18) 

Zinc  stearate,  which  was  previously  mentioned  as  a  possible  low  and  high 
temperature  lubricant,  was  also  tested  as  a  protective  coating  on  Si02  yarn. 

A  26  Kgm  tensile  load  was  required  to  break  a  zjnc  stearate  in^pregnated  yam 
strand  coated  with  aluminum  phosphate  bonded  cement,  Hnprotected  yam,  when 
coated  with  cement,  broke  under  a  load  of  only  8  Kgm,  (See  Report  VII  p  88) 
This  protective  method  has  yet  to  be  tested  in  laminate  structures . 


FEUl  JfAro 

0\ir  survey  of  Gofnmefcially  available  coritinuous  filament  peinfos^ing 
fibers  for  high  temperatiire  laminates  has  shown  that  ”1"  glass  is  unsuitable 
because  of  its  relatively  low  softening  temperature  *  Hie  more  refraGtoTy 
Refrasil  (%%  SiOg)  is  stracturally  weaki  Continuous  fibers  drawn  from  fused 
SiOg  appear^  at  present ^  to  provide  the  best  available  oon^ination  of  low  and 
high  teti^erature  strength  ^  MaintenanGe  of  this  strength  requires  that  the 
fibers  be  protected  at  all  times  from  abrasion  and  from  degradative  GhemGal 
attack.  This  can  best  be  accomplished  by  individually  coating  the  fibers 
with  a  thin,  continuous,  protective  film  as  they  are  being  drawn* 

The  identity  of  this  perfect  protective  material  is  not  yet  known.  Its 
discoveiy  probably  would  require  a  separate  development  program.  But  we  do 
know  that  the  material  must  be  alkali'^f ree ,  must  be  applicable  as  a  very  thin 
continuous  film,  must  be  flexible,  and  provide  low  tenperature  lubrication. 

It  cannot  be  water  soluble  nor  strong  hydrophobic,  and  should  not  react 
readily  with  acidic  solutions  at  low  temperatures .  Ideally,  the  material 
should  not  decompose  at  high  temperature  (if  we  could  find  this  one  our  bond* 
ing  problem  would  be  answered,  too),  but  if  pyrolysis  does  occur,  the  result* 
ing  ash  must  be  non*abrasive,  highly  refractory,  and  as  nearly  mu^eactive 
with  the  SiOg  fiber  as  possible  at  hi^  teDperature. 

Assuming  that  adequate  protection  for  the  fused  SiOg  fiber  be  ac» 
Gonplished,  so  that  its  strength  is  maintained  in  the  laminate  structure,  the 
problem  of  fully  utilizing  the  strength  of  the  fiber  reinforcement  remains . 
Unfortunately  for  our  purpose,  fused  SiOg  has  much  too  low  an  elastic  modulus 
Its  extension  under  load  soon  exceeds  the  extensibility  Pf  most  inorganic 
bonding  cements  that  might  be  used  in  the  laminate  structure.  The  laminate 


fails  undef  relatively  small  loads  due  to  Miid  rupture.  TheoretiOally,  there 
are  two  solutions  for  this  difficulty.  Firsts  use  reinforeement  fibers  haviag 
a  higher  elastic  modulus  *  Flexural  strength  tests  on  a  number  of  experimental 
laminates  demonstrated  that^  although  monel  wire  reinforcement  (having  more 
than  double  the  elastic  modulus  possessed  by  the  commonly  used  "E"  glass)  sub* 
stantially  itfproved  the  strength  of  ceramic  bonded  laminate  sanples^  the  only 
high  modiaus  (16*18  X  10^  psi)  glass  fibers  that  were  available  for  testing 
failed  to  do  so.  (Report  vn  jp  32*35)  This  failure  may  be  due  to  low  fiber 
extensibility j  to  brittleness,  scratch  sensitivity,  or  increased  susceptibility 
to  chemical  attack  by  the  binder .  t-Jhatever  the  cause ^  if  such  behavior  cf 
non*metallic  inorganic  fibers  inevitably  aGGOrpanies  the  desired  high  elastic 
modulus,  we  must  turn  to  the  second  solution  for  itprovement  in  laminate 
strength.  The  second  possible  means  for  utilizing  more  of  the  strength  of 
the  fiber  reinforcement  in  a  laminate  structure  is  to  use  a  more  excbensible 
bond . 
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INORGANIC  BONDING  MATERIALS  FOR  HIGH  fEMHRATUll  LAMlNAfM 
One  intuitively  suspects  that  little  extensihility  may  be  obtained  from 
a  nonnally  polycrystalline  dJiOrganiC  cement^type  bond ,  It  was  hoped  that  a 
temperature  stable  inorganic  polymer  having  some  of  the  qualities  of  orgaMc 
resins  might  exist.  Inquiry  succeeded  only  in  discovering  that  such  inorganic 
poljnners  are  in  the  highly  e^erimental  stage  with  production  on  a  gram  quan^* 
tity  basis  at  present  and^  therefore,  inadequate  for  our  immediate  need. 

Shelving  this  line  of  approach  for  the  time  beings  we  concentrated  upon 
developing  a  useful  low-temperatures-setting  inorganic  cement^type  bond .  Ad» 
Mttedly,  a  laminate  structure  in  which  such  a  bond  is  used  would  be  incapable 
of  utilizing  the  full  Strength  of  the  reinforcing  fibers .  Though  the  presence 
of  fiber  reinforcement  notably  improves  the  flexural  strength  of  the  conqjosite 
failure  of  the  bond  marks  the  failure  of  the  laminate.  In  such  a  system  an 
increase  in  flexural  strength  of  even  a  brittle  bonding  media  should  definite* 
ly  inf)rove  the  strength  of  the  laminate  structure .  This  glaringly  obvious 
supposition  was  tested  using  a  prototype  laminate  system  ("E”  glass  roving 
as  the  fiber  reinforcement  in  chemically  neutral  gypsum  cement  matrices  hav* 
ing  various  strengths) .  Results  from  these  tests  showed  that,  rou^ly,  a  $0% 
increase  in  laminate  strength  was  realized  when  a  30%  higher  strength  matr^ 
was  used,  provided  that  the  bonding  slurries  were  similar  in  consistency, 
allowing  equal  penetration  of  the  fiber  roving  and  equal  reinforcement  to 
bond  ratio  in  the  laminate  structures  ,  Indeed ,  the  technique  emplpyed  in 
forming  the  landnate  test  specimens  appeared  to  play  a  large  role  in  deter* 
ndning  their  strength,  (See  Report  V  pp  35*38) 

Since  most  of  the  inorganic  bonds  investigated  dwing  the  eourae  of  this 
project  could  not  be  tested  alone,  but  only  ia  reinforced  laminate  speelmens, 
direct  con^ai*ison  of  one  bond  with  another  was  clouded  by  the  effects  due  to 


physical  tai^aticn  ift  saqple  quality  as  well  as  variatiofis  in  yarn  Stfengtfe 
and  reaction  with  the  bonding  cement ,  Thus  we  may  only  State  that  one  bonded 
laminate  was  stronger  than  another,  leaving  the  relative  strengths  of  the 
several  bonds  in  the  realm  of  speculation.  Host  of  our  test  specimens  were 
filament  wound  on  a  standard  fofm  and  contained  an  equal  number  of  yam  strands 
as  reinforcement .  The  techniques  enployed  are  briefly  described  in  a  later 
section  of  this  report, 

PHOSPHATE  BIKERS 

From  inception  to  conclusion  this  project  has  almost  exclusively  used 
aluminum  phosphate  cements  as  bonding  matrices  for  fiber  reinforced  laraimtes^ 
Although  from  time  to  time  a  number  of  other  bonding  media  were  considered 
and  briefly  tested,  the  results  obtained  were  invariably  less  promising  than 
those  produced  by  the  aluminum  phosphate  bond .  Exploration  of  its  behavior 
and  a  continual  search  for  means  to  eliminate  its  detrimental  features  have 
proved  both  frustrating  and  rewarding.  Much  remains  unexplained,  much  needs 
yet  to  be  discovered .  At  present  we  can  offer  only  speculative  answers  to 
the  questions  of  how,  and  why,  the  aluminum  phosphate  bonded  laminates  behave 
as  they  do. 

First,  let  uS  consider  the  cement  slurry.  It  is  primarily  cppppsed  of 
two  phases,  the  adhesive  solution,  and  the  more  or  less  unreaetive  particu^ 
late  filler.  In  the  following  discuss  ion  we  shall  consider  the  adhesive 
solution  as  being  the  som^ce  of  the  bonding  phase,  though  its  pesslble  hi^ 
tenperature  reaction  with  material  present  as  cement  filler  may  contribote 
appreciably  to  the  total  bond  formed , 

Literature  on  the  subject  states  that  aluminum  phosphate  A1(H2PQ^)2 
forms  the  strongest  of  the  phosphate  adhesives.  This  compound  is  readily 
soluble  in  water,  giving  a  strongly  acid  solution.  Hydrolysis  and  consequent 


pjreeipitatidn  i^portedly  ogcujps  if  the  eoff^ound  is  pi^Sent  ia  solutions 
ing  a  pH  greatea  than  about  2  .R .  The  literature  also  states  that  this  mono- 
aluminum  phosphate  (AlCHgPOij)^.)  loses  all  meGhaaioally  held  water  when  heated 
to  215  F  (103  C),  and  half  ©f  the  water  of  ciy-stallization  at  I46O  F  (238  G) » 
The  resulting  amorphous  product  reci^stallizes  at  teffperatures  above  600  F 
(31f  G)  and  becomes  anhydrous  Al^Oj  ‘3^2^^  When  heated  to  930  F  (500  G) .  The 
anhydrous  phosphate  is  quite  stable  up  to  1290  F  (7OO  G)  but  above  this  tem¬ 
perature  some  volatalization  of  F2O5  ©Gours  ^  At  900  G  the  rate  of  P^Og  loss 
becomes  appreciable  but  the  superficial  appearance  of  the  crystals  ^remains 
unchanged . 

The  following  observations  were  made  during  a  series  of  ei^rimeats  more 
fully  described  in  Report  7IIj  pp  51-52,  66-75: 

1.  Diluted  phosphoric  acid  (HqPC^ )  reacted  readily  and  exothertnally 
with  aluminum  hydroxide  (Al(0H;i)  at  room  temperature.  Very  limited,  if 
any,  reaction  occurred  when  this  acid  was  blended  with  900  mesh  fused 
alumina  (AI2O3)  at  room  temperature  but,  extremely,  fine  grained,  poorly 
crystallized  alumina,  obtained  by  calcining  (a1(0H)3  at  1550  F,  appeared 
to  be  more  reactive .  Low  temperature  heating  promoted  the  reaction  be¬ 
tween  900  mesh  fused  AI2O3  or  calcined  A1(0H)3  and  H3PQj^. 

2.  Stoichiometric  proportions  of  kl(OE)^  and  diluted  ^POl,  to  yield 

AI2O3  .3P2OC  reacted  exothertnally  when  mixed  but  ^iled  to  produce 

a  Clear  solution  unless  heated .  After  heating  to  clearness  the  viscous 
solution  could  be  diluted  extensively  without  causing  the  formation  of 
a  precipitate.  The  reacted  mixture,  if  dried  at  G  formed  a  firm, 
clear  film  which  tended  to  be  slightly  hygroscopic.  Such  behavior  sug¬ 
gests  the  presence  of  uTwacted  H3P0j^ . 

3  i  With  gentle  heating  the  maximum  A1(0H)2  addition  that  reacted  com¬ 
pletely  with  HjPO^  appeared  to  be  a  murture  haying  the  mole  composition 
1,32  Al203»3  P2^^D.,  This  syrupy  strongly  acid  liquid  could  be  diluted 
without  forming^ a  permanent  precipitate.  A  film  of  the  mature,  applied 
on  a  glass  slide,  dried  at  room  temperature  to  a  clear,  hard,  non-hygro- 
scopic,  crack-free  coating  which  was  slowly  soluble  ^  H2O.  Despite  its 
acidity,  the  non-hygroscopic  behavior  of  the  dried  composition  indicated 
that  no  active  H3POJ,  remained . 

h .  When  Al(0H)3  ar^  were  blended  to  give  a  molar  coimposition  of 
l.hAl203:3  P2O0  no  amo^t  of  heating  succeeded  in  removing  the  eligh* 
remaihihg  cldudiness ,  Addition  of  H2O  to  reduce  the  viscosity  produced 
a  voluminous  white  precipitate  which  disappeared  when  the  excess  H2Q  was 
evaporated ,  The  mixture  dried  firm  at  room  temperature  but  developed 
drying  cracks. 
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$.  Although  we  feufld  it  ifnpOssible  to  obtaifl  a  cofrtpletely  eleas*  aolUtlOii 
Gofttaining  more  than  1  1/3  moles  AlgO^  to  3  moles  5*2^5 »  it  was  possibli 
to  add  to  this  at  least  1  mole  of  MgO  (in  the  form  of  basio  MgGOo)  with** 
out  producing  a  permanent ^  insoluble^  precipitate  *  The  resultant  mix* 
ture  was  a  somewhat  acid,  irery  viscous,  goo.  VJhen  diluted  with  water^ 
a  voluminous  white  precipitate  was  formed  which  disappeared  at  room  tern** 
perature  as  the  excess  water  evaporated.  A  hard,  clear,  oracked  coating 
was  obtained  when  the  mixture  dried  on  glass  at  room  temperature . 

6.  Goffg)letely  clear  bonding  solutions  having  the  molar  corapositiona 

1  MgO:  1  AloO^:  3  ®  ^‘32  Al203:3  PgOj  OOUld  be  con* 

siderably  diluted  without  causing  precipitation. *'  These  dried  at  room 
ten^erature  giving  clear,  hard ,  crack-f ree  coatings  on  glass  ^ 

7.  t'?hen  the  dried  films  obtained  from  these  bonding  solutions  were 
gently  heated,  they  softened  slightly  and  bubbled  when  the  chemically 
held  water  was  released  (approximately  2hO  C) .  If  carefully  heated  in 
this  temperature  range,  the  course  of  devitrification  could  be  observed 
as  the  coatings  became  more  and  more  cloudy,  finally  turning  quite 
opaque  and  pale  gray  in  color.  No  further  change  was  apparent  even  when 
the  films  were  heated  above  500  C .  Following  devitrification  at  approx** 
imately  350  G,  these  films  were  ouite  insoluble  in  water  and,  when  moist¬ 
ened,  gave  no  reaction  on  pH  indicator  paper  ^ 

B.  Petrographic  examination  of  the  heated  coatings  revealed  that  initial 
devitrification  of  the  aluminum  phosphate  congjositions  resulted  in  a 
maze  of  needle-shaped  crystals .  These  interlocking  fibers  perhaps  Con¬ 
tribute  to  bonding  strength .  Gorgpositions  that  contained  magnesium  in 
addition  to  the  alundnum  phosphate  formed  short  prism  shaped  crystals , 

Some  time  was  spent  in  ej^loring  the  bonding  possibilities  of  the 
FeO-^FegO^fPgO^-  1^0  system  which  behaves  similarly  to  the  Al20j-P205-^0  sys¬ 
tem  in  that  clear  solutions  may  be  prepared  that  dry  at  room  ten^erature  to 
firm,  non*-hydroscopic,  glassy  films.  These  lose  water  and  become  insoluble 


when  devitrified  by  heating  at  2C)0  G ,  Reaction  between  Fe^Oj^  and  diluted 
%-x^li*'x/2  (attained  bP  preheating  H^POj^  to  opalescence,  and  assumed  to  be 
predominantly  HPO^)  gave  the  above  results  whereas  reaction  between  Fe^Q|^or 
Fe20^  with  H^POi^  did  not,  Ihe  maximum  Fe^Oji^  content  that  could  be  reacted 
with  to  produce  a  fairly  stable  solution  gave  a  ratio  of  132  Fe  Ions; 

3  PO^  ions,  which  is  identical  to  the  aluminum  to  phosphate  ratio  present  to 
solutions  containing  the  maximum  Al(OH)^  soluble  in  H3PO2J.  At  room  teraperature 
1,0  mole  FeiC^  appeared  to  remato  unreacted  to  a  solution  containing  approxi»» 


mately  1 ,0  mole  Fe^Ojj  to  10  moles  HPO3 ,  Ti/hen  a  thin  film  of  such  a  Bdxture 


Mas  placed  on  a  glass  slides  dried  at  room  temperature>  then  heated  at  llO  C^- 
the  Fe^Oj  reacted  eompletely  giving  a  transparent,  hard^  crack-free  film  that 
devitrif ied  when  fmrther  heated  at  200  C  * 

Fused  siOg  yarn  strands  impregnated  with  such  solutions  remained  fairly 
flexible  after  drying  at  110  G .  Mien  the  treated  yarn  was  flexed  following 
devitrification  of  the  iron  phosphate  "glass”  at  higher  temperature  the  coat* 
ing  broke  but  the  yarn  fibers  remained  intact ^  Heating  above  320  G  caused 
the  developmenb  of  an  appreciable  amount  of  inter-fiber  bonding  and  resultant 
yarn  embrittlement  *  such  bonding  may  well  be  due  to  chemical  reaction  between 
the  fused  SiOg  fibers  and  the  dehydrated  iron  phosphate  congjound,  since  the 
low  strength  of  the  devitrif ied  material  s*ems  inadequate  to  produce  a  strong 
physical  bond  at  this  temperature .  (See  Report  VII  pp  06-65) 

ALUt-IIHPH  PHOSPHATE  BONDED  CEMENTS 

A  large  number  of  aluminum  phosphate  cement  bonded  laminate  sangJles  were 
made  using  cement  Formulation  3  as  the  "standard"  laminate  bond .  This  cement, 
and  variations  shown  in  Table  lH,  was  heated  only  by  the  exothermic  reaction 
that  occurred  when  AICGH)^  was  mixed  with  diluted  H3P0|^ .  As  may  be  seen  from 
the  representative  compositions,  in  addition  to  the  Al(0H)j  that  was  present 
in  excess  of  the  amount  capable  of  reacting  with  the  acid  to  form  the  adhe*^ 
sive  AlCHgPOj^)^  solution,  the  cements  were  principally  filled  with  finely 
divided  granular  particles .  These  particulate  materiala  (fused  Al203(38«9O0) 
and  320  mesh  milled  zircon)  were  chosen  primarily  for  their  thermal  esqpansien 
characteristics  ai^  without  regard  to  their  high  tenperature  reactivity  with 
the  aluminum  phosphate  adhesive  phase .  With  so  much  ground  to  e^qplore  during 
this  project,  the  area  concerning  the  effect  of  various  particulate  filler* 
in  the  cement  was  relatively  neglected ,  It  is  one  field  that  should  be 
thoroughly  investigated  in  any  futirre  work, 
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Casual  ©bsejiratiba  revealed  that  eemeat  fnlxtuiHss  of  this  t;^e  softened 
when  exposed  to  noiTnally  hutfliid  atmosphere,  after  apparently  having  been  eofih^ 
pletely  dried  by  heating  at  ISQ  G  ,  This  hygroscopie  behavior  strongly  sag* 
gested  the  presence  of  unreaGted  GOnGentrated  phosphoric  acid .  How  Gould 
this  be  when  more  than  suffieient  AKoh)^  for  reaction  with  the  HjPO^  was 
provided? 

As  previously  disGussed,  even  stoiGhiemetrie  mixtures  of  dilute 
and  a1(oh)3  designed  to  produce  the  adhesive  ai(H2P0^)3  con^lex  in  solution 
failed  to  react  corfpletely  at  room  temperature  and  required  h*ting  before 
a  Glear  solution  was  obtained .  This  behavior  may  be  logically  ejqplained  if 
We  assume  that  the  dilute  H3PO|^  in  contact  with  agglomerated  particles  of 
ai(oh)3  first  forms  a  coating  of  hydrated  2AI2O3 OPgOg,  which  is  virtually 
insoluble  except  in  highly  acid  solutions .  With  sufficient  acid  available, 
the  coating  reacts  to  form  Al(H2P0||)3  but  this,  too,  gives  a  protective 
gel-like  hydrate  that  is  insoluble  in  solutions  having  a  pH  greater  than  2.8, 
Thus  the  interiors  of  the  original  Ai(0H)3  Particles  are  multiply  protected 
from  the  poorly  ionized  H3P0^  that  may  remain  in  the  surrounding  liquid ,  If 
the  ionization  of  diluted  H3P0|^  is  increased  by  heating ^  eventually  uli 

A1(0H)3  present  will  form  soluble  A1(^P0|^)3  as  a  more  or  less  viscous  solu- 
tion,  depending  on  its  dilution. 

Now  let  us  consider  the  adhesive  phase  used  in  the  cement  mixtures. 

This  contains  a  much  higher  Al(OH)3  to  H3P0|j  ratio  than  required  for  the 
formation  of  A1(H2P0|j)3  .  At  room  temperature  we  can  expect  only  partial 
reaction  with  the  available  acid  (as  explained  above)  and,  since  less  acid 
IS  present  to  promote  solutdon  of  the  protective  hydrates  formed  around  the 
AI(0H)3  particles,  more  AI(QH)3  is  isolated  from  possible  reaction  with  the 


femaifting  If  a't  this  stage  the  cement  is  deh^fatedi  the  effectivsness 

of  the  acid  is  stfppfsssed ,  not  only  because  less  ionization  occum  in  concen* 
ti*ated  solutions,  but  also  because  the  AKl^POj^)^  that  has  fonned  makes  the 
dehydfated  solution  SO  viscous  that  it  is  virtually  a  Solid  ^  In  Such  an 
environment  the  acid  molecules  Can't  get  around  fmich  any  more  and  must  remain 
inactive  until  the  temperature  is  increased  sufficiently  to  allow  their  com* 
bination  with  such  material  as  may  be  present  in  their  immediate  vicinity  * 

Granting  the  presence  of  unreacted  in  the  dried  cement  mixtures} 

can  the  particulate  fillers  used  in  the  cement  react  with  this  acid  at  low 
temperature  and  thus  protect  the  SiOg  reinforcing  fibers  from  acid  attack? 

A  siflple  experiment  failed  to  reveal  ai^  noticeable  bonding  between  the 
grains  of  the  most  frequently  used  cement  fillers  (900  mesh  AI2O3  and  325 
mesh  zircon)  when  they  were  moistened  with  concentrated  H^POj^  and  heated  for 
2  hours  at  ajproximately  l65  C.  Of  the  few  other  materials  tested  with 
H^POii,  hematite  (Fe20^) appeared  to  develop  a  permanent  bond  at  the  lowest 
temperature  (approx ^  110  C) .  Ouartz  (crystalline  SiO^)  formed  a  rather  weak 
but  definite  bond  between  the  treated  grains  when  heated  at  165  C} 

though  the  literature  gives  26O  0  as  the  minimum  tenperature  for  reaction 
between  Si02  and  HjPO]^  to  form  Si(P03)2.  If  H^POh  reacts  with  crystallise 
Si02  at  165  C,  in  all  probability  it  cam  attack  the  less  stable  fused  5102 
reinforcing  fibers  used  in  the  laminstes  at  even  lower  temperatures .  Resting 
for  10  miiiutes  at  235  0  appreciably  strengthened  the  intergranular  bond 
between  quartz  grains  and  developed  a  very  strong  bond  in  the 
mixture  but  no  bonding  cp^d  be  detected  in  the  treated  zircon  specimen. 

(See  Report  VII  pp  56*58)  From  the  above  it  would  seem  that  in  our  choice 
of  alumina  and  zircon  as  fillers  for  use  with  the  uhheated,  strongly  acidic, 
aluminum  phosphate  solution  we  have  arbitrarily  subjected  the  reinforcing 
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SiO^  fibej^  to  low  tempefatufe  attack  phdSphGl*ic  acid  * 

FSifthefmope,  the  bonding  effieiency  of  these  GementS  (such  as  Fortftulatioa 
3  that  eontain  excess  Al(OH)^)  rnay  be  low.  As  shown  above,  by  tying  up  sora# 
of  the  phosphate  in  an  insoluble  form,  the  unnecessarily  high  Al(OH)^  content 
could  prevent  formation  of  the  maxifnum  quantity  of  the  soluble  adhesive 
A1(H2P0|)2  (the  compound  said  to  be  responsible  for  the  strong  bond  developed 
by  aluminum  phosphate  cements).  Also,  if  totally  unreacted  AlCOH)^  remains, 
its  notoriously  high  firing  shrinkage  at  temperatures  above  30O  C  could  con* 
tribute  appreciably  to  cement  shrinkage  and  be  the  source  of  increased  cement 
porosity. 

EFFECT  OF  ffiAT  ON  StmGTH  OF  FORMqMflON  3  »  BONDEI)  LAMINATES 

VJhen  one  considers  the  many  things  theoretically  wrong  with  cement  com* 
positions  of  the  Formulation  3  type  one  is  amazed  by  the  relatively  good 
laminate  strengths  obtained .  As  shown  in  Table  III,  SiOg  yam  reinforced 
laminates  bonded  with  Fonmilation  3  cement  had  room  temperature  flexural 
strengths  in  the  1^,000  psi  range  (after  having  been  cured  at  3 00  0  for  1/2 
hour)  and  reached  1R,000  psi  if  measured  at  000  C.  Their  strength  at  600  C 
was  almost  16,000  psi,  and  at  700  0  they  retained  over  13,000  pel. 

At  the  present  stage  of  the  game  only  speculative  interpretation  of  the 
data  in  Table  III  can  be  offered.  This  table  lists  the  representative  flexural 
strengths  obtained  when  testing  variously  heated  filament  wound  land^tf 
specimens,  all  of  them  bonded  with  the  alumiiium  phosphate  cement  (Formulatioa 
3)  discussed  above. 

First  let  us  CGnslder  the  vast  difference  in  room  temperature  flexural 
strength  (7,100  vs  19,000  psi)  shown  by  fused  SiQg  and  "E"  glass  reinforced 
laminates  that  were  cured  for  2  weeks  in  a  2  mm  vacuum  at  120  C ,  That  tMs 
strength  difference  did  not  reflect  real  weakei^Uig  of  the  Si02  fibers  if  iii» 
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FEPffi5SENTATlVl  FL^MAL  STRENGTH  _(f)si)  OF  F^MENf^  LAMSlAfiS 

BOILED  WfH_  CEMENT  FORMUUTION  3^  ' 

.  _  TEST  TEMPERATURE 

Tlffi^IAL  HISTORY^  OF  _  (held  for  1/2  hr^  before  loading)  Reference 


LAl-aNATE  PRlOR_Tp_„TE|Tp_G: 
SiOg  yarn  RE^ORCEMOTT 

5pp  r' 

TOO' C 

Report .page 

125  C  2  weeks  in  vacuum 

7A30 

16,li00 

3:?  39a 

300  C  1/2  hr. (in  mold) 

300  C  1/2  hr . 

300  C  1  hr. 

15>600 
12^700 
15 >000 
15,600 
15,U00 

17,900 

18,200 

16,300 

15,800 

I3,h00 

III  37 

V  18a 

Vl23a}VII26a 
Vl8a}  VI  23a 

500  C  1/2  hr  .(in  mold) 

500  C  1/2  hr. 

500  C  1  hr. 

500  C  6  hrs . 

lh,000 

h,600 

h,600 

lh,700 

12,h00 

32,600 

IE  37 

Vl8a>  VI  23a 
VlSaj  VI  23a 
VII  26a 

600  C  6  hrs. 

8,500 

VII  26a 

700  C  6  hrs. 

9,000 

VII  26a 

"E"  GLASS  YARN  REINFORCEWENT 

125  C  2  weeks  in  vacuum 

19,500 

8,100 

IV  hla 

300  G  1/2  hr. 

10,300 

6,700 

7,600 

7,000 

mi  12a 

500  C  6  hrs . 

5,700 

vm  12a 

600  C  6  hrs . 

7,300 

VIE  12a 

TOO  C  6  hrs. 

7,800 

VIE  32a 

(1)  SiO^  yam  150  h/3  with  starch  oil  coating  as  received  or  "E"  glass  yarn 
150' 2/2  with  silane  firdsh  as  received, 

(2)  Fomnilation  3  Cement:  60  cc  UO  cc  HoO,  UO  go  AlCOH)^, 

ho  gm  AI2O3,  80  gm  zircc^, 

(3)  Except  where  noted,  specimens  were  dried  in  air  at  80  C  7  days  and  at 

150  C  3  days  then  taken  from  the  mold  before  further  heating. 

dicated  by  the  fespeGtable  I6^1i00  psi  atJ^eI^gth  ©f  the  SiOg  peinfefced  aa^lei 
■when  tested  at  500  G ,  The  obsef^ed  low  laniihate  stt’ength  at  foom  tetnperatufe 
pfobably  ©aii  be  attributed  to  some  reaGtion  between  the  Gement  and  the  starch- 
oil  coating  On  the  SiOg  fibers  that  prevented  the  eemont  from  hardening  nor¬ 
mally  at  Its  G i  Indirect  substantiation  of  this  view  comes  from  the  observa¬ 
tion  that  a  cement  mixture,  in  which  starch-oil  coated  SiOg  fibers  (milled  to 
pass  325  mesh)  had  been  substituted  for  the  usual  zircon  content,  failed  to 
''set''  properly  even  after  curing  at  ISO  G  for  1  month,  (see  Report  17  p  1*3) 
Judging  by  the  good  flexural  strength  of  the  ”E”  glass  reinforced  sables  we 
may  conclude  that  no  harmful  reaction  occurred  between  the  acidic  cement  and 
the  silane  finish  present  on  the  "E"  glass  fibers  "as  received" . 

As  mentioned  previously,  complete  drying  of  the  adhesive  phase  can  ap¬ 
preciably  ittprove  the  tensile  strength  of  the  yam  reinforcement,  SiOg  yam 
soaked  in  the  unheated  acidic  bonding  portion  of  the  cement  (Ucc  H^O,  6  Oc 
2"  Al(OH)^)  supported  a  30,000  gm.  tensile  load  if  dried  at  200  C 
before  breaking  at  room  ter^erature,  but  failed  to  support  one  third  of  this 
load  if  tested  before  drying.  Untreated  yam,  after  drying  at  200  C,  broke 
when  loaded  in  the  18,000-23,000  range,  (See  Report  VS  pp  Sl-52) 

Referring  again  to  the  room  temperature  flexural  strengths  of  laminates 
listed  in  Table  ITT,  the  SiO^  reinforced  specimens  cured  at  300  0  befoie  test¬ 
ing  usually  had  strengths  somewhat  above  15,000  psi.  Although  oi^y  one  lower 
value  (12,700  psi)  is  shown  in  the  table,  such  low  strength  was  not  unique 
among  the  many  samples  tested .  The  real  surprise  is  the  lh,000  psi  flexural 
strength  at  room  tenperature  shown  by  sanples  that  were  cured  at  SOO  C  in  the 
metal  landnating  mold ,  (A  nusfl?er  of  similarly  high  values  for  other  mold«> 
cured  laminate  samples  are  shown  in  the  reference  report) .  Such  laminate 
strengths  are  uidcnown  among  specimens  that  were  removed  from  the  mold  before 
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filling  at  000  G  *  fhese  show  aveftge  S^om  tengjefature  f lejcUS^al  Sti^ngths  of 
only  Uj600  fsli 

How  cm  we  aceount  for  the  appreciable  strength  differences  that  were 
foiind  in  laminate  samples  presumed  to  have  been  similarly  heated?  Could  these 
different  results  derive  from  variations  in  the  cement  bond? 

Let  us  summarize  what  we  have  learned  ^  A  co'nGent'rated  "solution  of  highly 
polyaerized  AKlgPO^)^  stiffens  to  a  firm,  flexible,  glassy  material  when 
dried  j  All  mechanically  held  water  is  removed  by  heating  a  few  degress  above 
100  C  i  This  "glass”  softens  slightly  with  increasing  tenperature  until,  at 
approximately  2L0  C ,  half  of  the  chemically  held  water  is  released  *  Formula* 
tion  of  insoluble  Al^O^ OHg®  then  begins  at  a  somewhat  higher  tenipera* 
ture .  Although  the  literature  gives  315  C  as  the  mnniraum  crystallizaticm 
temperature,  the  insoluble  nature  of  numerous  cement  sanf)les  heated  for 
extended  periods  between  250  C  and  300  C  indicates  that  complete  devitrifica* 
tion  of  the  "glass"  can  and  does  occur  within  this  lower  temperature  range . 

At  approximately  5O0  C,  when  the  remaining  water  of  crystallization  is  said 
to  be  released,  Al^O^  OP^O^  is  formed.  The  aitfiydrous  crystals  are  reported 
to  retain  their  shape  and  continuity  even  though  heated  above  900  C,  at  which 
ten^erature  the  compound  begins  to  lose  appreciable  rate. 

In  one  series  of  e?q5eriments  microscope  slides  were  coated  with  clear 
concentrated  solutions  approachihg  the  A1(H2P0|^)^  con^osltlon.  These  were 
heated  on  a  hot  plate  after  having  been  dried  at  approximately  100  C ,  If 
veiy  slowly  heated  these  films  could  be  dried  and  at  least  partially  devitri- 
fied  without  appreciable  bubbling.  Petrographic  examination  showed  such  films 
to  be  interlaced  with  fiber»shaped  crystals,  giving  an  intriraicaliy  strong, 
possibly  flexible,  structure.  If,  however  the  coated  slides  were  placed  on 
the  hot*plate  pre^heated  above  2l»0  C,  the  rapid  release  of  water  reduced  the 
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viscosity  of  tho  eoatiftg  and  prodtieed  excessive  bulsbling.  If  the  ten^eintujNi 
was  stiff iciently  higji  tiny  bubbles  were  ” frozen  in"  by  the  almost  siBmltaneGUS 
crystallization  that  oGcurred  *  Such  a  matefial  could  have  ^ery  little  strength 
or  flexibility*  From  this  it  is  quite  evident  that  the  condition  of  the  bond 
does  not  depend  solely  on  the  maximum  terrperature  achieved  but  is  greatly 
modified  by  the  rate  at  which  the  tenpsrature  is  reached  * 

If  we  Gonsider  the  room  tenperature  flecural  strength  of  the  lamdnate 
speGimens  in  the  light  of  their  thermal  history^  and  correlate  this  with  the 
probable  effect  of  these  temperatures  on  the  physical. character  of  the  adhesive 
alumimm  phosphate  phase  in  the  cements,  we  find  it  quite  understandable  that 
wide  variations  in  strength  could  be  produced  by  minor  differences  in  the  heat 
treatment*  For  instance,  there  are  temperature  gradients  throughout  any  oven. 
The  actual  terfiperature  a  particular  laminate  sarnie  might  reach  during  its 
curing  cycle  would  depend  on  a  number  of  things  such  as:  how  long  the  oven 
door  was  open  during  the  loading  operation  (allowing  cooling  to  occur);  how 
much  cool  material  was  loaded;  what  was  its  oven  location;  how  were  the 
sataples  stacked;  which  specimens  were  closest  to  hot  surfaces  such  as  walls } 
shelves ,  etc  *7 

As  we  have  mentioned,  immediate  heating  at  tenperatures  above  2bO  C  could 
result  in  such  rapid  release  of  water  vapor  that  a  poor  strength  bond  would 
res\d.t .  Since  the  inert  fillers  present  in  the  cement  provide  a  soneidiat 
porous  structure  which  allows  the  vapor  to  escape  readily,  gross  bubbling 
would  not  occur,  but  the  formation  of  microscopic  bubbles  could  readily  reduce 
the  strength  of  the  cement ,  The  rate  at  which  the  cement  devitrif ied  ceFtaiun 
ly  would  effect  the  crystal  structure  formed  by  the  adhesive  phase  and,  con¬ 
sequently,  the  bond  strength.  Though  inprobable,  it  is  conceivable  that  the 
adhesive  phase  in  some  of  the  cement  bonded  landnates  nominally  heated  at 
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300  C  for  %J2  hoTi?  failed  to  devitfify  conpletely  and  fetained  4  portion  Of 
the  strong  glass»like  material.  Those  laminates  heated  for  1/2  hour  at  500  C 
while  still  in  the  metal  mold,  in  all  probability  encountered  a  gradual  temN 
perature  inGrease  and  possibly  even  failed  to  reach  5oo  G  since  the  bull^ 
mold  •would  heat  up  relatively  slowly.  If  indeed  this  ■was  truej  the  adhesive 
phase  in  these  cement  bonded  laminates  could  develop  and  retain  a  strong^ 
well  crystallized,  semi^hydrated  form.  Freei-fired  sanples,  on  the  other 
hand  when  placed  directly  in  the  $00  G  oven  atmosphere  were  doubtless  taken 
through  the  first  stage  of  dehydration  too  fast  and  likely  reached  the  500  G 
oven  temperature,  ■where  possibly  disruptive  dehydration  occurs . 

In  the  above  discussion  we  have  shown  loss  of  strength  by  the  cement 
bond  to  be  one  possible  Cause  for  the  very  low  room  temperature  strength 
(li^600  psi)  displayed  by  SiO^  reinforced,  aluminum  phosphate  cement  bonded, 
laminates  that  initially  had  been  too  rapidly  heated  to  500  C .  But  this 
does  not  explain  how  these  laminates  can  more  than  triple  their  strength  if 
reheated  tO  500  G  for  testing.  Obviously  one  or  more  ten^erature  induced 
phenomena  must  be  responsible  for  this  happy  result.  There  are  three  po88*» 
ible  candidates: 

1.  The  relatively  high  thermal  ej^nsion  of  the  aluminum  phosphate 
cement  and  the  negligible  thermal  expansion  of  the  fused  SiO*  fiber 
reinforcement  produces  a  thermaliy  induced  tensile  stress  in^the  fiber 
reinforcement  and  an  equal  compressive  stress  on  the  cement  matriic. 
Consequently,  when  the  strength  of  the  laminate  is  tested  at  terqpera^ 
ture,  the  reinforcement  bears  the  total  applied  brewing  load  until 
elastic  extension  of  the  fibers  relieves  the  con^ressive  stress  t^t 
was  in^osed  on  the  bonding  matrix.  Thereafter  the  load  is  shared  imtil 
■Uie  strength  lindt  of  the  matrix  is  reached  imd,  assuming  a  brittle 
matrix,  the  cracks  formed  atb  propegated  through  the  laminate  and  result 
in  failure, 

2 ,  High  tenperature  may  lower  the  elastic  modulus  or  allow  greater 
extensibility  in  the  cement  bond  making  it  less  brittle.  If  this  con« 
dition  exists,  the  matric  would  assume  a  smaller  share  of  the  load, 
allowing  more  of  the  stress  to  be  placed  on  the  high  strength  fiber 
reinforcement .  In  addition,  with  such  a  matrix  serving  as  a  bond  betwefn 
individual  fibers,  the  stress  distribution  on  the  individual  fi^rs  could 
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more  readily  be  equalized  * 

3 ,  At  elevated  teffperatures  the  SiO^  fiber  itself  is  undoubtedly  less 
brittle.  This  serves  to  reduee  its  notch  sensitivity  SO  that  the  fiber 
defradation  that  may  have  occurred  from  acid  attack^  surface  spalling^  or 
abrasive  damage ^  has  less  influence  on  fiber  strength  than  at  room  tern* 
perature  * 

Although  all  three  may  contribute  to  the  observed  high  temperature 
strength  of  the  laminates *  only  the  first  can  be  extended  readily  to  explain 
the  lirfiited  reducticsi  in  high  temperature  strength  that  acconpanied  longer 
high  temperature  curing  cycles  ^  As  shown  in  Table  Hl^SiO^  reinforced  lami» 
nates  cured  at  §00  G  before  testing  at  5^  C  had  decreased  strength  if  heated 
for  1  hour  instead  of  1/2  hour  (dropping  from  about  Ih^SOO  to  12,500  psi), 
but  no  further  loss  occurred  even  though  the  laminates  were  aged  for  6  hours 
at  500  C .  With  aging  and  testing  temperature  increased  to  600  G  the  high 
tefiperature  flexural  strength  of  laminates  aged  for  6  hours  decreased  to 
B,50O  psi,  but  no  further  loss  was  encountered  if  the  temperature  of  test 
and  cure  was  increased  to  TOO  G.  In  fact,  a  slight >  but  possibly  real,  iai* 
crease  in  strength  was  obtained  at  this  hi^er  temperature. 

At  first  glance  we  might  Suppose  that  increasing  time  at  aging  tenpera* 
ture  provided  a  greater  opportunity  for  the  phosphate  binder  to  attack 
weiJcen  the  Si02  reinforcing  fibers ,  But  if  this  were  so  we  should  observe 
a  marked  strength  decrease  in  those  laminates  that  had  been  cured  for  6  houw 
at  500  C  as  conpared  with  specimens  cured  at  that  tenperature  for  1  hour  only. 
Since  this  was  not  found  to  occur,  some  other  mechanism  must  be  responfiblf 
for  the  observed  behavior.  There  are  two  possibilities* 

1,  At  any  given  temperature  the  SiO*  fibers  are  capable  of  elastically 
supporting  a  given  tensile  stress  but  beyond  this  point  a  permanent, 
slow,  deformatipn  occurs  which  relieves  the  excess  stress.  As  in  the 
annealing  of  any  glass,  the  rate  of  yield  depends  on  the  degree  of  stress 
ing  and  on  the  viscosity  of  the  glass,  loth  of  these,  in  the  laminate 
structure,  are  functions  of  the  tenperature, 

2 ,  For  any  given  temperature  and  time,  the  cement  bond  undergoes  a 
certain  firing  shriricage  because  of  chemical  and  physical  reactions, 
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These  pfoeeed  slowly  toward  e^ilibfitxra  at  a  tnliiitsam  teniperattira  and 

are  aGoellerated  by  higher  temperatares , 

Both  of  these  mechanistns  serre  to  relieve  Gon^ressive  stress  on  the  cement 
and  thus  tend  to  weaken  the  latfdnatej  but  only  by  a  certain  amount^  the  llndt 
for  ahy  given  temperature  being  established  by  the  equilibrium  isirolved  * 

Further  light  may  be  shed  on  the  strength  determining  mechanisms  inrolved 
in  the  laminate  structures  by  comparing  the  behavior  of  Formulation  3  bonded 
••E"  glass  reinforced  laminates  with  results  obtained  from  SiOg  yam  reinforced 
sanples  in  which  the  same  cement  bond  was  used .  Because  "E"  glass  has  a  fmich 
higher  thermal  esqpansion  than  possessed  try  fused  SiOg  we  may  ej^ect  that  at 
high  temperature  the  compressive  stress  in^osed  on  the  cement  bond  in  an  "1* 
glass  reinforced  laminate  would  be  less  than  when  SiOg  yam  is  used.  For 
this  reason  we  would  expect  "E”  glass  laminates  to  have  less  strength  at  high 
tenperature  than  SiOg  reinforced  sanples .  The  effect  was  shown  by  laminates 
cured  for  1/2  hour  at  300  C  before  measuring  at  500  C  ("E"  glass,  7,600  psi 
Vs.  fused  SiOg,  15,800  psi).  But  this  dramatic  difference  virtually  disap¬ 
peared  if  strengths  at  6OO  C,  after  6  hours  cure  at  temperature,  are  compared 
("E"  glass  7,300  psi  vs.  fused  SiOg  8,700  psi).  The  change  cannot  be  attri* 
buted  to  the  behavior  of  the  cement  bond  since  this  was  the  same  in  both 
laminates,  nor  can  •we  suppose  it  due  to  the  state  of  the  reinforcing  fibers 
at  test  temperature  since  in  all  cases  this  was  the  same .  The  most  logical 
ejplanation  appears  to  be  that,  during  the  6  hour  curing  period  at  6OO  G 
prior  to  testing  at  600  G,  the  SiOg  fiber  reinforcement  in  the  laminate 
sample  was  annealed,  thus  relieving  the  conpressive  stress  its  low  thermal 
expmsipn  had  imposed  on  the  bondii^  cement.  The  fused  SiOg  in  the  laminates 
that  were  oj^y  esposed  to  600  G  for  the  1/2  hour  period  before  testing  was 
not  completely  annealed  in  this  tine  but  the  ”E"  glass,  with  its  lower  anneal- 


ing  tempefatus**,  apparently  achiefved  a  stre88»free  state  during  this  heat 
treatment.  In  fact,  the  low  strengths  obtained  when  testing  "E"  glass  laminates 
at  000  C  indicate  that  short  term  exposure  to  this  temperature  is  suffieisnt 
to  almost  coif^letely  anneal  the  glass* 

Examination  of  the  "E"  glass  reinforced  sanples  that  were  broken  at  TOO  C 
showed  that  the  laminates  actually  failed  by  plastic  flow  (See  Report  till 
pp  12-»10) .  SMce  this  was  the  case,  the  glass  could  not  hare  contributSd 
much  to  the  total  strength  of  the  laminate  and  we  have  a  qualitative  picture 
of  the  flexural  strength  of  the  cement  itself  at  TOO  C ,  It  may  be  stretching 
a  point,  but  the  increase  in  strength  of  the  "E"  glass  reinforced  laminates 
aged  at  increasingly  high  tesperature  (000,  600,  and  TOO  C)  for  6  hours  sug» 
gests  that  the  strength  of  the  cement  bond  was  improved .  The  same  conclusion 
fnay  be  drawn  from  the  slight  increase  in  laminate  strength  shown  by  the  SiO^ 
reinforced  laminates  that  had  been  cured  at  600  and  TOO  C  for  6  hours  before 
testing  at  elevated  temperature.  Unfortunately  we  have  no  data  on  such  lami^ 
nates  at  room  tenperature  and  so  do  not  know  whether  the  apparent  increase  in 
strength  was  due  to  temperature  induced  bond  exteMibility  or  to  better  sin* 
tering  between  the  bonding  particles . 

If  this  analysis  of  laminate  behavior  at  elevated  tempera tures  is  correct, 
we  are  faced  with  a  definite  time^^temperature  limitation  insofar  as  maintain^ 
ing  good  laminate  strength  at  high  tenperature  is  concerned .  Inprovement 
could  be  a^ieved  hyt 

1.  Enploying  a  new  reinforcing  fiber  having  a  much  higher  annealing 
tenperature  than  fused  SiO^ , 

2 .  Alteration  of  the  bonding  cement  to  provide  greater  extensibility 
and/or  increased  tensile  strength. 

3 .  Preserving  the  initial  strength  of  the  reinforcement  by  preventing 
possible  acid  attack  on  the  reinforcing  fibers , 
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MODIFICATION  OF  CEMiTJf  FORMOIATION  3 


Tdt^ard  the  Gdnclmsion  of  the  pi*6gpam  several  Gement  Gdnqsdsitidns  were  pre¬ 
pared  uslnf  laminar  particles  (fnica  or  glass  flake)  as  part  or  all  of  the  cement 
filler.  This  was  done  with  the  intention  of  introdneing  minute  planes  of  weak¬ 
ness  in  the  eement  to  give  it  an  artificial  "extensibility^ .  By  this  means  it 
was  hoped  that  the  reinforcing  fibers  in  a  laminate  structure  bonded  with  such 
a  eement  could  be  induced  to  accept  more  of  the  flexural  load  and  thus  produce 

stronger  laminates .  (see  Reports  VII  pp  2li*26,  VIII  pp  23-2U) 

As  shown  by  selected  con^iositions  (3^3M,3-3A3M)  in  fable  W  the  results 

of  flexural  strength  tests  on  these  flake-filled  laminates  indicated  that  (at 
least  with  the  bond  used)  intentional  weakening  of  the  cement  by  ndcro-crack- 
ing  also  weakened  the  laminate.  By  ihcluding  asbestos  micro-fibers  in  the  ce¬ 
ment  filler,  to  act  as  barriers  to  crack  propegation,  some  of  the  lost  Strength 
was  recovered.  In  the  present  state  of  the  art,  this  apprcach  appears  to  be 
fruitless,  but  when  other  bonds  for  the  cement  have  been  developed  perhaps  a 
reappraisal  of  controlled  microcracking  may  yield  beneficial  results . 

In  an  effort  to  mechanically  strengthen  the  cement  by  inclusion  of  short 
fiber-shaped  particles  as  a  portion  of  the  cement  filler,  a  number  Of  mater¬ 
ials  were  tested  in  addition  to  the  fairly  successful  asbestos  and  silica 
microsfibers  shown  in  Table  IV.  Fiber  Frax  (Carborundum  Co.)  potassium 
titanate  (DuPont)  and  wollastonite  F»1  (Cabot  Corp.)  were  tried  as  well  as 
some  longer  fibered  asbestos  minerals  including  paligorskite,  an  asbestos- 
like  mineral  stable  at  6|0  C .  Long  fibers  could  not  be  properly  dispersed 
in  the  cement  slurry.  They  require  considerable  reduction  in  size  to  put 
them  into  useable  form,  a  process  hardly  worth  the  trouble  except  in  the  case 
of  paligorskite ,  This  mineral  is  certainly  worth  further  inrestigatipn 
since  it  may  provide  the  high  temperature  strength  that  asbestos  is  naturally 


incapable  of  dtie  to  detefiofation  Of  the  ciyatal  stractuSNs  at  tenpefatuMS 
above  IjfO  G  *  (See  Reports  V  pp  2k-^26,  and  VI  pp  27“28) 

ASBESTOS  m  AIMroOM  PHOSPHATE  GBffiSfS 

Considerable  advantage  in  strength  was  gained  by  small  additions  (3$  by 
weight)  of  micro  fibers  to  the  original  cement  conposition .  Larger  additions 
•were  prohibited  due  to  a  rapid  viscosity  Increase  that  made  the  cement  totally 
unworkable .  Several  net<  formulations  were  tried  in  which  the  particulate 
fillers  were  reduced,  or  totally  eliminated,  and  replaced  with  short  fibered 
asbestos  ^  Although  relatively  poor  strength  acconpanied  the  use  of  asbestos 
as  the  oiily  cement  filler^  the  best  laminate  strengths  so  far  realized  were 
obtained  when  the  SiOg  fiber  reinforcement  was  bonded  with  a  cement  formula* 
tion  (3*6a)  containing  6^  by  wt.  asbestos  floats,  and  using  zircon  as  the 
particulate  filler,  With  this  con^osition  we  have  apparently  achieved  a 
reasonably  strong  laminate  structure  (2li,000  psi  flexural  strength)  that  may 
be  used,  at  least  for  short  periods  of  time,  at  temperatures  up  to  500  C, 

(See  Reports  VI  pp  27*28,  and  VlII  pp  20*23) 

At  present  we  cannot  certa^ly  say  by  what  mechanism  the  asbestos  fiber 
aids  in  producing  higher  laminate  strengths .  Quite  possibly  its  contribution 
is  in  part  mechanical,  with  the  micro -fibers  serving  as  barriers  to  retard 
crack  propegation.  Also,  these  flexible  fiber  shapes  would  cause  less  abra* 
sive  action  than  granular  cement  fillers  and  thus  be  less  harmful  to  the 
strength  of  the  Si02  fiber  reinforcement ,  Another  plus  feature  could  derive 
from  the  effect  asbestos  may  have  on  the  firing  shrinkage  and/ or  the  thermal 
ej^ansion  of  the  cement  bond ,  In  addition,  we  know  that  asbestos  (a  hydrated 
magnesiiun  aluminum  silicate  mineral)  reacts  to  some  extent  with  phosphoric 
acid ,  Exactly  what  effect  this  may  have  on  the  properties  of  the  solublt 
adhesive  phase  is  still  open  to  question  but,  as  discussed  in  the  section 


devoted  to  the  aiuraimufl  phosphate  bond  (pg.  11)  we  have  observed  that  §102 
fibers  maintain  their  strength  at  fOO  C  when  treated  with  a  pre»reaGted  mag- 
nesitim-aluffliniim-phosphate  bonding  coirposition^  whereas  they  are  appallingly 
degraded  by  alnmlnum  phosphate  alone  ^  (See  Report  Vli  pp  66*67,  71*76) 

Beyond  any  doubt,  if  further  advances  are  to  be  made  in  ceramic  bonded  land* 
nate  technblogjr,  the  puzzle  presented  by  the  effect  of  asbestos  on  laminate 
strength  must  be  solved .  Rie  answer  could  lead  to  a  true  underitanding  of 
the  fiandamentals  involved  in  laminate  behaviors 

iCTOBD  JPp*REA  PHOSPHATE  ADgBSpI^. 

By  using  pre*reacted  aluminum  phosphate  solutions  in  the  bonding  cements, 
a  somewhat  different  approach  was  made  to  the  problem  of  in^roving  both  high 
and  low  temperature  laminate  strength  *  In  such  solutions  no  remained 

free  to  attack  the  r*li^orcing  fibers  in  the  laminate  structure  and  no  unused 
AlCOH)^  or  insoluble  aluminum  phosphates  were  present  to  act  as  undeaireabls 
filler  additions  in  the  cement.  (See  Reports  VII  pp  66»79,  VllI  pp  53^66) 

The  preparation  of  such  adhesive  solutions  (A*3P,  MA3P,  and  MA-3P)  and  their 
effect  on  the  tensile  strength  of  fused  Si02  yarn  at  elevated  teD^eratures  is 
discussed  on  Pg.  11  and  shown  in  Table  II.  The  pre^-reacted  adhesive  composi* 
tion  33  also  discussed  contained  undissolved  particles  because  an  excessive 
quantity  of  AI2O3  was  used .  These,  or  similar,  adhesive  solutions  were  bleiid» 
ed  with  inert  particulate  fillers  to  form  the  cement  bonds  in  Si02  yarn  rein* 
forced  laminate  samples  whose  flexural  strengths  after  heating  were  determined . 
The  eement  compositions  and  laminate  strengths  obtained  are  shown  in  Table  IV 
where  they  may  be  compared  With  the  extensively  used  cement  Formulation  3  • 

Such  Gonparison  immediately  shows  that  laminates  employing  the  pre»reacted 
bond  corpositions  are  not  as  strong  as  the  laminates  bonded  with  the  Formula* 
tion  3  cement  if  they  are  measured  at  600  C ,  or  at  room  temperature  after  being 


heated  at  300  C.  But  thelf  room  tempera tura  flexural  strength  following  heat* 
ing  at  ^00  G  Is  higher  than  that  shown  hy  the  Forfsulatioa  3  bonded  laminates  * 
Their  percentage  loss  in  room  tet^erature  flexural  strength^  as  a  result  of 
having  been  heated  at  500  C  instead  of  at  300  C  before  testing  ^  is  cori|parative» 
ly  small.  This  iS|  indeed,  a  giant  stride  in  the  right  direction . 

The  lower  strengths  obtained  when  these  cements  (33*T3>  A*3P,  MA»3P>  and 
1/2  MA*3P)  are  used  in  laminates  may  not  honestly  represent  the  strength  of 
the  pre*reacted  adhesive  phase  as  compared  with  the  adhesive  formed  in  the 
Fortmilation  3  cement.  The  ratio  of  adhesive  to  filler  in  the  pre*reacted 
compositions  differs  greatly  from  that  employed  in  the  much  used  Formulation  3 
cement .  We  hope  that  a  vast  improvement  in  cement  strength  may  be  realized 
■when  the  optimum  adhesive  to  filler  rati©  is  discovered.  Particular  trust 
is  placed  in  the  development  of  cement  bonds  employing  a  pre*reacted  adhesive 
phase  of  the  magnesium*aluminum  phosphate  type.  Among  all  of  those  tested, 
these  alone  allowed  the  fused  Si02  yam  to  maintain  its  tensile  strength  when 
tested  at  500  G.  (See  Table  Jl)  We  have  not  yet  discovered  why  this  is  so, 
GOILOIDAL  BINDEPS,  TjlXTENSIBLE,  BINDEPS,  LCT-J  TEWFEPATtmE  GLASS  BSTOER 

Several  tests  were  made  using  colloidal  Si02,  in  liouid  suspension,  as 
bonding  cement  for  fiber  reinforced  laminates,  Garborundum  Goip.  binders 
(TW,  and  OD  180)  developed  for  use  with  Fiberfrax  yam  were  among  those  tested , 
None  of  the  samples  displayed  much  strength  (1800*5600  psi)  possibly  because 
of  low  bond  volume,  rather  than  any  detrimental  effect  the  somewhat  alkaline 
colloid  suspension  nay  have  had  on  the  Si02  fibers . 

An  atten^t  was  made  to  form  a  magnesium  silicate  bond  in  situ  by  first 
treating  the  Si02  yam  with  a  %%  magnesium  methylate»alcohol  solution  then 
dipping  the  yam  in  colloidal  silica  suspension.  This  produced  a  bulky  gel 
containing  little  solid  material.  After  winding,  drying,  and  firing  the 


laminates  at  600  G,  altepnate  dippiftf  la  the  two  solmtioas  and  refifing  was 
tried  in  an  effort  to  fill  the  void  spaoes  with  more  bond  material.  The  aver¬ 
age  3ii00  psi  flexural  strength  obtained  was  not  eaGOuraging  (See  Report 
pp  36-39) . 

Sinee  bond  extensibility  is  a  highly  desireable  quality  in  cement  used 
with  fiber  reinforGed  laminates ^ ■ a  number  of  combinations  were  tried  in  the 
hope  that  a  stretchable^  temperature  stable ^  semi  ■‘inorganic  composition  could 
be  developed .  The  possibility  of  producing  some  such  temperature,  resistant 
material  was  indicated  by  -the  continued  water  repellency  shown  by  Pri  Film 
treated  Si02  yam,  after  it  was  heated  at  500  C .  Gombinations  of  chloro- 
Silanes  (Pri  Film  SC??)  with  SiO^,  a1(0H)2>  or  the  graphite-like  Zirklqr 
(ZrGl)  obtained  from  the  Ghicago  pevelopment  Corp.,  yielded  no  promising 
materials ,  (See  Report  V  pp  30-3U) 

Some  interesting  results  were  obtained  from  attempts  to  form  a  non-hydrat 
ed  aluminum  phosphate  cement  by  mixing  Al(0H)2  with  ^  ^  silicone  fluid 
vehicle.  Of  the  several  silicone  fluids  tried,  only  SF-96  (GJl.*  Silicone 
Products  Pept.)  did  not  gel  immediately  when  brought  in  contact  with  diy 

.  In  fact  the  SF«^P6  mixture  failed  to  harden  during  low  temperature 
curing  and  remained  hygroscopic  after  firing  for  l/2  hour  at  ^00  C ,  Even  so, 
an  average  flexural  strength  of  6kOO  psi  was  observed  when  specimens  wew 
broken  at  fOO  G.  (See  Report  VIII  pp  50*02) 

Since  glass  of  any  sort  has  greater  extensibilty  than  poly«cr7stalline 
material  appears  capable  of  showing,  a  glass-bonded  reinforced  laminate  should 
produce  a  strong  structure  if:  (a)  the  bonding  glass  has  a  lower  elastic 
modulus  and  an  extensibility  at  least  equal  to  that  possessed  by  the  vitreous 
reinforcing  fibers j  and  (b)  the  bonding  glass  does  not  react  with  or  dissolve 
the  reinforcement.  A  test  of  such  a  system  was  made  using  one  of  the  low 


meltlfig  (afseaicsaulfuf-teiiufiuft)  glass  coi^ositibns  developed  by  Bell  Labofa* 
topies  and  available  fpom  Amerioan  Smelting  and  Kefiniag  COi  ibis  glass  >  vheft 
heated  in  a  Ng  atmosphere  at  3^0  had  a  sufficiently  low  viscosity  to  allow 
strips  of  silica  IBl  Cloth  to  be  iir^erfectly  iftpregnated  by  dipping  in  the 
molten  glass  bath*  Laminate  samples  were  formed  using  ?  cloth  layers  stacked 
in  a  press  heated  to  365  C  .  Contact  pressure,  applied  for  5*10  mirmtes  at 
temperature,  caused  excessive  flew  and  produced  bcm^tarved  laminates.  Des¬ 
pite  their  poor  Quality  these  satples,  when  tested  at  room  tesperaturei  had 
an  average  flexural  strength  of  10,700  psi  (which  compares  very  favorably 
with  the  li,900  psi  obtained  from  SiO^  cloth  reinforced  lamdnates  bonded  with 
the  aluminum  phosphate  cement  Formulation  3) .  (See  Report  VIII  pp  UU»U6) 

The  beneficial  effect  of  using  a  non-Grystalline  (inorganic  glass)  bond 
appears  to  be  unobtainable  for  fiber  reinforced  laminate  structures  that  must 
retain  their  strength  at  500  C  or  higher.  The  bonding  glass  must  have  suffi¬ 
cient  rigidity  to  hold  the  reinforcing  fibers  in  place  at  the  use  temperatare. 
Here  we  are  caught  in  a  fine  dilemma:  to  provide  the  low  viscosity  initially 
required  for  good  bond  formation,  the  laminate  fabrication  tenperature  most 
be  much  higher  than  its  intended  use  terperaturej  but  such  tetpera'teires  soae- 
what  soften  the  reinforcing  fibers,  and  promote  solution  of  the  fiber  in  the 
bonding  matrix.  Assundng  these  difficulties  could  be  avoided,  the  hi^  fabric 
cation  temperature  required  far  exceeds  the  reinforced  plastic  fabrication 
tenperature  range  which  was  set  as  one  of  the  go^s  for  thi$  project. 

Laminate  Fabrication  by  Hot  Pressing 

Ignoring  the  fabrication  tenperature  limitation,  we  made  several  attests 
to  form  glass  bonded  laminate  samples  by  the  hot  pressing  technique  to  see 
what  the  results  would  be ,  He  foimd  that,  if  used  singly  in  the  absence  of 
a  bonding  phase,  neither  m  applied  pressure  of  500  psi  nor  a  temperature  of 
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9^S  G  uriduly  harmed  the  flexibility  of  desized  fused  SiOg  yarn,  lowevef^ 
yam  strands  siffiultaneoualy  subjecteifl'tbl’^iiB  T^reasurft;;and^„tei*gpsraturi.fQymed 
a  coherent  mass  that  was  extremely  brittle  due  to  inter«filament  sintering* 
Threshold  conditions  for  the  OGeurrance  of  such  degradation  imist  be  established 
if  hot  pressint  teGhniques  are  to  be  used  * 

A  lead  borate  glass  frit  (softening  temperature  approximately  1*50  G)  was 
tried  as  a  bonding  matrix  for  SiO^  yam.  Sandies  were  formed  by  placing 
alternate  layers  of  glass  frit  and  siOg  yam  strands  in  a  boron  nitride  coated 
metal  die.  After  heating  the  filled  die  to  temperature  in  a  pot  furnace^  it 
was  removed  to  an  insulated  chamber  and  loaded  with  a  dead  weight  of  from  6 
to  15  psi.  In  order  to  obtain  adequate  sintering  of  the  lead  borate  glass, 
tenperatures  of  55*1  G  or  above  were  required .  If  the  temperature  much  exceed¬ 
ed  600  C,  the  strong  bond  developed  between  fiber  and  glass  matrix  appeared  to 
destroy  fiber  integrity  and  resulted  in  samples  that  fractured  in  a  brittle 
manner.  Only  those  san^les  formed  in  the  550-600  G  range  broke  without  sever¬ 
ing  the  reinforcing  fibers  completely.  Although  these  san^les  contained  a 
relatively  low  volume  of  fiber  reinforcement,  the  room  teng^rature  flexoral 
strength  of  the  one  sang>le  tested  was  3100  pel. 

These  results  lead  us  to  believe  that  hot  forming  at  low  pressure,  thon^ 
tricky,  is  a  possible  means  for  fabricating  reinforced  landjxate  structiires 
bonded  With  other  (higher  temperature)  glasses .  (§ee  Report  XI  pp  Ih^^l?) 

One  interesting  possibility  lies  in  the  development  of  a  low  melting  glassy 
frit  that  partially  devitrifies,  when  properly  reheated,  to  yield  a  more  re¬ 
fractory  glass  bonded  ciystalline  matrix  (similar  in  behavior  to  the  CornlDg 
Glass  Go,  Pyroceram  cements)  , 


rx 


TECHNIQUES  USED  IN  FABRICATING  C?EMEMT  BONDED  LAMINATE ,  SAMPUES 


CEMENT  PREPARATION 

Most  of  the  cement  con^jositions  used  in  the  fabrication  of  laminates  were 
prepared  by  mixing  the  dry  ingredients  with  dilute  H^PO^  at  room  tenperature 
to  produce  a  slurry  having  a  creamy  consistency  .  !’/hen  small  batches  were  ■ 
desired  they  were  mixed  by  hand  with  a  mortar  and  pestle.  It  was  more  con¬ 
venient  to  blend  larger  batches  in  a  ball  mill,  using  a  15-20  minute  milling 
cycle,  or  simply  in  a  container  of  suitable  size  using  a  drill  press-driven 
propeller  to  do  the  mixing. 

Those  con^sositions  in  which  a  pre-reacted  adhesive  phase  was  Twed  were 
prepared  by  first  blending  the  AlCOH)^  content  with  water  to  form  a  slurry. 
This  was  added  slovily,  with  constant  stirring,  to  the  diluted  H^PO^^  contained 
in  a  Pyrex  beaker  of  suitable  size .  The  mixture  was  then  clarified  by  heat- 
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ing.  If  the  formulation  called  for  magnesium  carbonate  it  was  gradually 
added,  dry,  to  the  reacted  aluminum  phosphate  solution.  Usually  no  further 
heating  was  needed  to  provide  a  completely  clear  liquid .  The  cement  fillers 
were  then  bended  with  the  solution  to  provide  a  slurry  and,  if  required, 
water  was  added  to  give  the  mixture  a  workable  consistency,  (See  Report  VH 
PP  76-79) 

FILAMENT  WOUND  SAMF135S 

Accurately  dimensioned  filament  wound  laminate  sanples  for  flexural  test¬ 
ing  were  obtained  without  machining  by  using  a  laminating  mandrel.  This  con¬ 
sisted  of  a  double-faced  metal  mold  supplying  two  cavities  (1"  X  U"  X.l/^) 
which  permitted  two  sangiles  to  be  formed  tinder  identical  conditions .  Those 
faces  of  the  mold  that  would  come  in  contact  with  the  laminate  were  given  a 
flioiocarbon,  vinyl,  or  cellophane,  coating  to  prevent  sticking.  Esqpaoded 
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and  assertifeled  ifiews  of  the  mold  afe  Shewn  in  Fig*  2*  The  meld  was  rotated 
slowly  on  a  lathe  as  the  reinforcing  yam  or  roving  (which  had  been  drawn 
through  a  bath  of  cement  slun*y)  was  wound  in  place  as  shown  in  Fig .  3 . 

tJsually  Sandies  were  wound  with  only  enough  tension  on  the  yam  to  make 
the  strands  lie  straight  but  some  samples  were  made  using  a  Kidde  Gon^ensator 
as  a  pre«tensioning  device  (see  Report  III  pp  3h“36) .  Rnless  the  yam  was 
given  a  special  protective  coating  to  prevent  strength  degradation  due  to 
GontaGt  with  the  cement  slurry,  no  more  than  0  *2  to  0  *li  Kgm  tension  could  be 
used  without  causing  repeated  yam  breakage;  though  the  yam^  when  tested  dsy, 
supported  tensile  loads  of  from  15  to  18  Kgm*  Tam  provided  with  a  good  pro- 
tective  coating  could  be  pretensioned  with  from  0 .9  to  2  *3  Kgm  as  it  was  wound 
on  the  standard  san^le  mold  * 

The  relatively  large  diameter  and  tight  twist  of  the  SiOg  yarn  (ISO  U/3) 
that  was  most  frequently  used  as  latidnate  reinforcement,  prevented  even  StTSsS 
ing  of  the  individual  filaments  and  gave  a  corduroy  appearance  to  the  surfaces 
of  the  laminate  samples.  Smoother  sample  surfaces,  better  reinforcing  struc¬ 
ture,  and  more  thorough  impregnation  of  the  2h00  filament  strands  should  be 
obtained  by  using  slightly  twisted  12  end  roving ,  But  because  the  looser 
structure  of  this  roving  allowed  more  cement  pick-up  than  encountered  with 
the  iSO  li/3  Si02  yam,  it  was  more  difficult  to  pack  an  equal  number  of  reis^ 
forcing  fibers  into  the  mold .  The  mold  was  filled  to  capacity  by  137  str^ids 
of  the  cement  impregnated  yam.  Vhen  rovjng  was  used  ptdy  100  str^ids  filled 
the  mold ,  if  ordinary  winding  techniques  were  employed ,  If  the  excess  cement 
carried  by  the  roving  was  removed  by  continual  wiping  of  the  saiQ>le  surface, 
and  particular  car*  was  exercised  in  order  to  obtain  even  packiBg  of  the  fi¬ 
bers  in  the  mold,  it  was  possible  to  m^e  samples  oontaining  137  strands  of 
roving.  Samples  made  in  this  way  had  a  fiber  content  equal  to  that  in  the 


yarn  Reinforced  laminates.  We  were  disappointed  to  find  that  the  rowing  reift- 
forced  larainates,  though  heautifully  smooth  in  appearance j  were  not  superior 
in  strength  to  those  reinforced  with  yarn.  Ihis  may  he  due  to  the  iacreased 
amount  of  handling  required,  and  consequent  weakening  of  the  fibers  by  the 
abrasive  action  of  the  cement. 

Several  san^les  were  reinforced  with  silicone  resin  (1)G*2106)  inf)regnated 
fused  SiOg  roving  which  could  be  pre»tensioned  to  2.3  Kgm  without  breaking. 
These  specimens  proved  to  have  excellent  room  ten^ierature  strength  (29^000  psi 
after  curing  at  300  G)  and  good  strength  when  measured  at  ^00  G  (211^000  psi) , 
(See  Report  VIII  pp  17*19) 

After  the  mold  was  filled  (in  most  cases  with  137  strands  of  cement  im* 
pregnated  SiOg  yam  (1^0  U/3,  2li00  filament),  flat  metal  plates  were  placed 
against  the  exposed  sample  faces  and  clan?3ed  down  in  order  to  squeeze  out 
excess  cement  ^d  form  flat  exterior  faces  on  the  laminate  samples .  The 
assembly  was  allowed  to  dry  at  room  temperature  for  one  day  before  being 
placed  in  an  oven  at  80  C  for  one  week.  During  this  period,  unless  the  atmos^ 
phere  was  extremely  humid,  the  cement  bond  had  hardened  sufficiently  to  allow 
the  exposed  specimen  ends  to  be  cut  apart  and  the  two  resulting  Samples  re» 
moved  from  the  mold .  However,  in  order  to  eliminate  any  chance  of  san^le 
waipage  during  subsequent  heat  treatment,  we  found  it  better  to  siimply  remove 
the  face  plates  after  conpletion  of  the  drying  period  and  further  cure  the 
sanples  for  72  hours  at  1^0  G  before  separating  them  and  removing  them  from 
the  metal  mold ,  Guring  of  the  free  samples  may  then  be  completed  by  1/2  hour 
ej^osure  at  300  C, 

Although  some  experiments  were  made  using  a  vacuum  oven  In  an  effort  to 
shorten  the  drying  time  and/or  lower  the  curing  temperatures,  the  results 
were  not  particularly  promising,  (fee  Reports  IS  pp  37-»39;  IV  pp  U0»h3) 


Sample  ppeparatioii  time  was  GonSidefably  Shortened  by  drying  the  collet# 
mold  asserahly  for  h  days  at  80  C,  removing  the  face  plates,  and  ej^osing  the 
laminate  Saftples  to  300  G  while  still  in  the  metal  mold,  but  this  techni<5ue 
Gaused  deterioration  of  the  organic  lubricants  used  as  mold  release  agents 
aa3  thus  subjected  the  laminates  to  possible  damage,  (See  Report  7  p  18) 

In  all  probability  an  abbreviated  Ij  day  d  lying  cycle  of  the  complete  assembly 
at  90  C  followed  by  overnight  drying  at  150  C,  with  face  plates  removed, 
would  be  sufficient  preparation  for  removal  of  the  samples  from  the  mold  for 
free  firing  at  300  C , 
lEt  lAY  UP  FABRICATION 

A  few  samples  reinforced  with  fused  SiOg  181  cloth  that  had  been  heat 
cleaned  at  hOO  0  were  fabricated  by  the  wet  lay  up  technioue  using  eight 
cement  coated  cloth  layers  to  give  the  required  specimen  thickness .  The 
assembly  was  sandwiched  between  two  lubricated  flat  metal  plates  to  produce 
smooth  surfaces  and  were  cured  in  the  usual  manner.  Flexural  strength  sanples 
were  cut  from  this  layer  cake  and  ground  to  size.  Although  the  resulting 
surfaces  were  smooth  and  appeared  quite  free  of  voids,  the  apparent  density 
of  these  laminates  (l.li)  was  appreciably  lower  than  the  1,8  normally  obtained 
with  filament  wound  samples , 

The  flexural  strength  of  the  cloth  reinforced  laminates  was  much  lower 
than  that  of  filament  wound  SiO^  yam  reinf orced  san^les .  There  are  a  nuniber 
of  reasons  why  this  should  be  go:  fiber  damage  incurred  from  heat  cleaning 
and  subsequent  handling  of  the  cloth;  loiter  laminate  density,  Indicating  a 
greater  number  of  voids;  lower  fiber  content  in  the  stressed  direction;  and 
the  crushing  effect  of  crossed  fibers  in  the  woven  reinforcement.  Of  these, 
the  first  can  be  rectified  by  use  of  a  proper  protective  film  on  the  fibers, 
the  second  by  using  bag  molding  to  impreve  the  laminate  density,  (See  Report 


nm  pp 

Aluminum  phosphate  Gement  bonded ^  woven  fiber  relnforeed,  laminate  strue* 
tures  Gan  be  fabricated  with  a  negligible  mold  cost.  A  crude  two  foot  long 
nose  cone  was  made  on  a  reinforced  plastic  mold  using  the  wet  lay  up  techaipe. 
After  drying  at  80  C  for  1  week  it  was  removed  from  the  mold  and  free«flred 
at  300  C  without  loss  of  shape,  a  similarly  fabricated  12"  X  12"  X  0^03" 
corrugated  panel  was  also  successfully  formed .  These  large  ceramic  laminate 
structures  display  a  suiiDrising  amount  of  flexibility  and  appear  to  have  con» 
siderable  intact  resistance,  (see  Report  III  pp  h0-h3)  The  same  technioue 
was  used  in  forming  several  air  foil  sections.  Here^  a  more  sophisticated 
mold  assembly  was  employed  in  order  to  provide  the  smooth  surfaces  shown  in 
Fig.  li.  (See  Report  Till  pp  U7«li9) 


ParSlCAL  PROPERTIES  OF  SIO?^  FIBER  RSINFORCfiD  AL^STOM  PHQSPHAfE  BCTfDED  LAMINATES 
FLEXURAL  STRENGTH  A@  EIASf  |G 

fhfGughout  the  Goti^se  of  the  projeet  partieular  emphasis  was  placed  on 
the  development  of  a  stnong  laminate  *  The  nesnlts  from  f lesoifal  strength 
tests/  made  at  room  temperature,  and  at  elevated  temperatures j  were  largely 
relied  upon  to  indicate  the  relative  worth  of  the  various  es^erimental  bond¬ 
ing  cements  ^  Representative  values  are  shown  in  fables  III  and  VI  where  it 
may  be  noted  that  the  strongest  filament  wound  laminates  developed  so  far 
had  strengths  of  approximately  20^000  psi  at  room  temperature  and  2U,000  psi 
when  measured  at  500  G .  By  pre-tensioning  the  reinforcing  fiber  during  lam- 
nate  fabrication,  strengths  as  high  as  29,000  psi  were  obtained  on  sat^les 
measured  at  room  tenperature  after  curing  at  300  G .  Such  laminates  showed 
2li,000  psi  strength  at  500  C .  These  flexural  strength  tests  were  performed 
in  accordance  with  the  ASlH  3-point  bending  test  using  a  1"  I  U"  X  1/8" 
specimen . 

Although  results  from  these  tests  were  useful  in  providing  comparative 
data,  the  actual  strength  of  such  laminates  should  be  determined  from  tests 
more  nearly  simulating  conditions  that  would  be  encountered  in  use,  particu¬ 
larly  with  respect  to  the  mode  of  stress  application.  A  preliminary  study 
was  made  to  show  what,  if  any,  strength  difference  would  be  found  when  test¬ 
ing  a  standard  laminate  sanple  by  pure  bending  instead  of  ty  3^point  loading. 
The  average  of  results  obtained  at  room  temperature  on  eleven  identically 
fabricated  sanples  (150  Lt/3  Si02  yam  bonded  with  cement  Formulation  3)  were: 


12,600  9,200 

2M  I  10^  3 ,19  I  10^ 


Flexural  strength  (psi) 
Elastic  modulus  (psi) 
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flEXtlMIi  STMNGTM  AITO  E^Sf  16  MODULI  OF  SEVERAL 
CEMENT  BONDED  LAMINATES 


I 

I 

I 


LamHatE" 


B 


TEST  TEI®I)RAT^ 

r.t . 

500  G  r  ,t  ..  i00_  G 

IL.  t . 

500 

Flexural  strength  (psi) 

15,900 

10,700®  19,900  13,700 

17>500 

18, L 

Corrected  deflection  (in^ 

o.oap 

0  .016  0 .032  0 .026 

0 .028 

0.0 

Elastic  modulus  (psi)lO^ 

3.7 

3  .2  3  .U  3  .6 

3.8 

U.G 

^  All  laiTn-nates  viers  filaftent  wound  and  cured  at  300  C  before  testing  i 
For  cement  COmsOsitiOns  see  Table  III. 

LAI®IATE  A:  12  end  fused  Si02  roving  bonded  With  Formulation  3  cement. 

Values  shown  are  average  of  2  results,  a) (Samples  tested  at 
500  C  were  of  inferior  quality.) 

LAIffliATE  S:  150  L/l  fused  SiOg  yarn  bonded  with  Formulation  3--3M  cement. 
Values  shown  are  average  of  3  results . 

LAISNATE  C:  150  h/3  fused  $i02  yam  bonded  with  Formulation  3^33  cement. 
Values  shown  are  average  of  3  results . 


fhese  dlifefenc^s  dtie  to  testiiig  method  are  in  acGordance  with  results 

reported  In  the  literature  for  reinforced  plastic  laminates  *  The  difference 
is  considered  as  basiGally  due  to  shear  deformationj  local  interlaminar  shear 
failures  and  the  effect  of  the  loading  nose  (in  3*point  bending)  in  holding 
down  a  buckling  surface,  (see  Report  VTl  pp  h2“U7) 

Elastic  modulus  values j  calculated  from  corrected  deflection  dataj  were 
obtained  along  with  flexural  strength  (3»polnt  bending)  at  room  tef^erature 
and  at  000  0  for  several  sanples .  GoiTeetions  in  sanple  deflection  (which 
was  obtained  from  motion  of  the  cross^head  during  loading)  were  made  to  elimi» 
nate  errors  introduGed  by  "stretch"  in  the  test  system  and  crushing  of  the 
saffiple  face  in  contact  with  the  loading  nose.  As  shown  in  Table  7^  deflection 
(a  measure  of  sample  extensibility)  generally  correlated  with  flexsiral  strength. 
MACT_STpl}Ti 

The  aluminum  phosphate  cement  bonded  fiber  reinforced  laminates,  after 
curing  at  300  C,  seemed  tougher  and  less  notch  sensitive  than  unreinforCed 
ceramic  bodies .  Sar^sles  broken  in  flexure  frequently  appeared  to  be  unharmed 
because  the  reinforcing  fibers  remained  intact  even  though  the  cementing  bond 
had  fractured ,  An  attempt  to  measure  the  impact  strength  of  such  landnates 
by  the  Izod  impact  test  method  failed .  The  notched  specimens  did  not  sever 
cleanly  in  the  fixture,  and  did  not  break  where  notched.  The  unsevered  por* 
tion  created  a  variable  ener^  absorbing  drag  on  the  intact  hammer  so  that 
meaningful  inpact  data  could  not  be  obtained .  The  test  did  demonstrate  the 
non*ceramie.Blike  properties  of  the  cement  bonded  laminates .  (See  Report  Till 
pp  2li»26) 

KDISTORE  ABSORPTIQW 

The  true  specific  gravities  of  the  materials  used  in  the  landnates  fall 
in  the  2 .2*2 .0  gn/cc  range .  Since  buUc  specific  gravity  of  the  landnate 
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safi^les  tisually  fasged  from  1*6  to  1.8  gm/cc,  the  laminates  ob^iOTjaly  contain* 
ed  from  ^5  *  30$  irelda  * 

A  silica  roving  reinforGed  laminate  saiqple  bonded  viith  cement  Formalation 
3*6A  had  12  .h%  water  absorption,  as  measured  by  weight  increase  after  21*  hours 
immersion  in  water  at  20  G  (ASTli  manual  standards  on  plastics  p  U82)  *  The 
original  sample  weight  was  restored  by  heating  at  125  C.  No  strength  tests 
were  made  on  the  sanple,  but  water  immersion  and  subsequent  diying  appeared 
to  have  no  detrimental  effect .  Partial  reduction  of  water  absorption  (to  8  *6$) 
was  accomplished  by  iflpre|nating  the  cured  sample  with  a  suspension  Of  colloi* 
dal  Si02  containing  approximately  30$  solids  *  More  effective  methods  for  seal* 
ing  the  laminate  surface  to  prevent  moisture  piGlc»up  remain  to  be  developed  * 
(See  Report  '^II  pp  25*28) 

T^RIlAL  SHXK  „RE£  UTANCI 

None  of  the  laminate  satiples  appeared  to  have  suffered  from  thermal 
shock  as  a  result  of  rapid  cooling  in  air  from  temperatures  of  500»700  C .  One 
set  of  Formulation  3-6a  bonded  samples  was  given  a  more  severe  test  by  quench^ 
ing  in  cold  water  from  $00  C.  No  cracking,  spalling.  Or  other  indication 
of  change  in  the  latidnaie  could  be  detected  by  visual  inspection  even  then 
the  test  was  repeated .  (See  Report  VllI  pp  28«29) 

ELECTRICAL  PROPERTIES 

Filament  wound  laminates  (fabricated  with  12  end  Si02  roving  bonded  with 
cement  Formulations  3*3A  or  3*3A3N)  cured  at  300  C  were  tested  to  determine 
electrical  properties  at  room  tenperature  and  at  500  C ,  Electrical  effects 
due  to  moisture  adsorption  from  a  50$  TN!  atmosphere  were  also  noted ,  These 
tests  were  made  at  a  frequency  of  one  mega^cle/sec .  Wave  guide  testSf  to 
deterfidne  dielectric  constant  and  loss  tangent  at  9,150  megacycles/sec,  were 
made  during  heating  and  cooling  (20  C  to  593  C)  on  Si02  reinforced  laminates 


boaded  with  ceineat  Poamulation  3  of  3“6A,  fnachiaed  to  size  after  Giiring  at 
300  Ci  Sampie  dimensioa  and  weight  before  and  after  testing  were  determined 
and  eieotriGal  effeGts  due  to  sample  thiokness,  moisture  absolution,  and 
measurement  time,  were  noted.  The  laminate  speeimeas  were  oriented  in  the 
wave  pide  with  their  grain  pefpendieular  to  the  eleetrie  field  polarization* 
Gorrections  for  saffple  Glearance  in  the  wave  pide  were  included  in  the  dielec* 
trio , ealculations . 

During  testing,  the  samples  were  held  at  a  given  terfperature  for  from 
1/2  to  1  hour.  The  time  at  tettperature  apparently  had  relatively  little  ef* 
feet  on  the  test  results  *  The  material  was  essentially  unchanged  by  the 
teriperature  cycling,  no  density  or  dimentional  changes  could  be  detected, 
t.ater  absolution  {Xh%  due  to  soaking  the  specimen  for  2k  hours  in  water) 
significantly  raised  the  dielectric  constant  and  loss  tangent  but  the  effect 
was  essentially  reversible  on  drying  at  135  0.  As  shown  in  Table  Ylf  initial* 
ly  dry  samples  measured  at  9,150  i^sec  had  remarkably  stable  dielectric  con* 
stant  values  of  approximately  3  .0  and  loss  tangent  values  between  0  *010  and 
0.015  over  the  temperature  range  from  20  to  ^93  0.  Samples  measured  at 
1  V/sec.  show  less  uniformity,  having  dielectric  constant  values  for  approxi* 
mately  3.0  at  room  tenperature ,  increasiJig  to  about  li.O  at  500  C  while  power 
factor  values  range  from  0 .01  at  room  temperature  to  0 .10  and  higher  at  500  0 , 


TABIEjri 


SUMIABT  OF  PHYSSGAL  AMD  ELECTRICAL  R^OPERTBS  OF 
sop,  INORGANIC  LAMmTES 


LA^gJATE  DESCRIPTIOW 

Reinfoi'cenent:  continuous  filament  fused  SiOg  (2I4OO  strand^  stafGh® 

oil  coated)  in  the  form  of  150  ii/3  yam  or  12  end  roving 
as  indlGated^ 

1-Iatrix:  Aluminum  phosphate  bonded  cement,  Formulation  3  ahd  variations 
as  shown. 

Fabrication:  Test  specimens  filament  wound  on  laminating  mandrel  from 
reinforcement  strands  passed  through  slurry  of  bonding 
cement.  Dried  at  80  C  for  7  days  and  at  150  C  for  3  days 
in  mold .  Free-fired  (cured)  for  1/2  hoxir  at  300  C .  - 


GlpRALLY,  APPLICABLE  PROljRTlES 


Apparent  specific  gravity:  1.6  to  1.8 

Voids:  (calculated  from  approximate  specific  gravity)  25  to  30$ 

Hater  absorption:  12  to  18$,  absorbed  water  readily  removed  by  drying. 

Physical  characters itics  of  bonding  cement  appeared 
Unchanged  by  2li  hour  immersion  in  water. 

Temperature  stability:  Mo  measurable  change  in  size  or  weight  of  cured 

laminate  after  heatjng  at  590  C .  Flexural 
strength  at  temperature  gradually  decreased  with 
long  term  heating  at  500  C  ahd  above.  Flexural 
strength  at  room  temperature  much  reduced  by 
prior  heating  at  500  C . 

Thermal  shock  resistance:  Mo  visible  damage  when  quenched  in  air  from 

700  0,  or  when  quenched  in  cold  water  from 
500  0  (no  higher  temperatures  were  tried). 

Inpact  strength:  Larninates  cured  at  300  0  are  not  severed  when  broken 
and  show  little  if  any  notch  sensitivity. 


TABl^  ft  (court.) 


TEST  TEMFERATUBE 


PROPIOT 

500  C' 

r.t.  Reference 

From500  C  Keportj  page 

Form .  bond  ed  ^_rn 

^exurai  strength  (psi) 

15,300 

18,200 

Ii,600 

m  19a>25 

Form.  3  bonded  roving 

Flercural  strength  (pfi) 
Elastic  modultiS  X  lO® 

Diel .  Const  .at  9>15C^seG 
Power  factor  at  9,l50iV^sec 

16,000 

3.7 

2.8 
0.012 

>1U,1400 

3.2 

3.1 

0.012 

2.8 

0.012 

VI  25a 

VI  3  0a 
vni  35 

VIII  36 

Form  .  3rM_^  bonded  yani 

Fltx'iral  Strength  (psi) 
Elastic  modulus  X  10^ 

19,900 

3 

13 >700 
3.6 

vn  19a 

VI  30a 

Form.  3-3A  bonded  roving 

Flexural  Strength  Tf>si) 

Diel  .Const,  at  1  J^sec 

Power  factor  at  1  J^/seC 

DC  vol.  resistivity 
(ohm-cm)10° 

I5>li00 

3.2 

0.037 

ij 

15,200 

L2 

0.125 

1.6 

2.9 

0.009 

13 

vn  19a 

VII  UOa 

VII  UOa 
vn  UOa 

Form.  3-6A  bonded  yarn 

FlexuraV  strength  (psi) 

19,100 

2U,000 

vn  19a 

Form.  3*6a  bonded  roving 

Flexural  strength  vpsi) 

Diel  .const,  at  9,150  lysec 
Power  factor  at  9,150  M/sec 

21,liOO 

3.0 

0.05 

20,700 

2.9 

0.05 

2.8 

O.Olli 

vn  19a 

VIIJ  35 

vni  35 

STATUS  OF  INORGANIC  CEMB!KT  BONDED  UMIHAtEg 
In  summafyt  let  us  briefly  review  the  results  obtained  from  fuaed  SiO^ 
fiber  reinforGed  laminates  bonded  with  aluminum  phosphate  type  eementsj  list 
the  fflechanisms  that  we  believe  may  be  active  in  governing  the  flexural  strengths 
observed j  and  suggest  means  for  improving  the  strength  of  such  laminates* 

RESULTS 

1.  Gement  Formulation  3  bonded  laminates  had  fairly  good  room  temperature 
flejniral  strength  after  having  been  heated  at  3G0  C  (10,000  psi)  and  even  better 
strength  if  tested  at  000  C  after  1/2  hour  at  temperature  (18,000  psi)  *  Strength 
at  temperature  tjas  diminished  by  extended  heating  at  600  C  or  higher  (9,000  psi). 
If  tested  at  room  temperature,  after  having  been  heated  at  000  C,  the  laminates 
were  relatively  veak  (h,600  psi)  , 

2 .  ^.'Jhen  short  fibers  were  used  as  a  portion  of  the  filler  content  in  ce*^ 
ment  Formulation  3,  an  appreciable  improvement  in  laminate  strength  was  observed. 
Best  results  were  obtained  with  asbestos^containing  cement  Formulation  3-6A 
•which  produced  laminates  having  19,000  psi  room  temperature  flexural  Strength 

after  heating  at  300  C  and  2li,000  psi  flexural  strength  at  000  C. 

3 .  Laminates  bonded  with  poorly  proportioned  cements  employing  a  pre^ 
reacted  magnesium'»aluminum  phosphate  adhesive  phase,  though  much  lower  in 
strength  than  the  others,  maintained  a  high  percen'tage  of  •their  flexoral 
strength  when  measured  at  room  ten^erature  after  having  been  heated  at  000  C , 

For  example:  laminates  bonded  wi-th  cement  formulation  MA«3P  had  room  tenpera* 
ture  flexural  strengths  of  6,300  psi  after  heating  at  300  Oj  0,300  psi  after 

heating  at  000  C;  and  8,700  psi  when  meastn^  at  000  C. 

MECHANISMS  EFTOCTIMG  LAMIKATE  STHEIIOTH 

1,  In  a  fiber  reinforced  laminate  structure  with  the  cement  under  a  eom> 
pressive  stress,  the  reinforcement  assumes  the  total  test  load  until  extension 
of  the  fibers  removes  the  compressive  stress  on  the  cement.  Further  loading. 

I 


is  then  shared  by  fiber  and  eemeftt  until  the  elastic  limit  of  the  cement  is 
exceeded  *  If  the  cement  is  brittle^  and  well  bonded  to  the  fiber  reinforce* 
mentj  the  fracture  in  the  cement  is  propagated,  causing  failure  of  the  entire 
structure.  If  the  tightly  bonded  fiber  is  brittle  at  the  test  ten^erature  the 
laminate  will  break.  If  the  fiber  reinforcement  is  either  flexible  or  not 
tightly  bonded  the  laminate  saitple  will  appear  unbroken,  being  held  together 
by  the  nearly  intact  reinforcing  fibers.  Therefore,  the  load  which  the  larai* 
nate  structure  can  support  at  a  given  temperature  depends  on  three  factors: 

(a)  the  corfpressive  stress  on  the  cement  to  be  overcome  by  loading  and  exten* 
Sion  of  the  reinforcing  fibers,  (b)  the  elastic  moduli  of  the  cement  and  of 
the  reinforcing  fibers  at  the  test  ten5>erature,  and  (c)  the  extensibility  of 
the  cement. 

2 .  Any  degradation  of  the  reinforcing  fiber  reduces  the  effective  load 
that  the  reinforcement  can  support  by  reducing  the  load  bearing  cross  section. 
Abrasion  of  fiber  surface,  spalling  which  may  result  from  surface  devitrifica¬ 
tion,  or  chemical  reaction  with  the  cement  bond,  all  serve  to  reduce  the  effect* 
ive  strength  of  the  reinforcing  fibers . 

3.  The  strength  of  the  cement  bond,  and  possibly  its  effective  extensi* 
bility,  depend  on  the  strength  of  the  adhesive  phase  holding  the  filler  parti¬ 
cles  together,  on  the  effective  packing  density  of  the  cement  con^osite,  and 
on  the  shape  and  sizj  of  the  filler  materials  used. 

FOR  FPTOM  OF  LAMINATE  ST^NDTH 

1,  At  present  fused  SiO^  continuous  filament  yams,  etc,,  appear  to  be 
the  only  available  high  temperature,  high  strength,  material  for  landnate 
reinforcement.  But  SiO^  fibers  are  inadeguate  for  maintaining  laminate  strength 
during  long  term  exposure  to  elevated  temperatures.  To  meet  this  need,  a  rein¬ 
forcing  fiber  having  a  higher  elastic  modulus  at  high  terr^rature  (i,e,,  a 

-U9- 


highep  annealing  temperatiire)  rraiat  be  discGt^ered  op  deireioped. 

2 i  Obviously^  in  ordep  to  pealize  the  inhepent  stpength  of  the  fiber  rein* 
foreement,  physical  dafnage  must  be  ppevented  not  only  duPing  laminate  fabrica¬ 
tion  but  also  during  the  Curing  cycle  and  at  use  tempepatupes »  Such  datnage  can 
be  reduced  or  pret^ented  in  several  va^t 

a)  Pre-coat  individual  fibers  with  a  thin  proteetive  film  that  is  non-soluble 
in  acidic  solutions,  preferably  a  metallo-organic  cornpound  that  deposits  a 
soft  ash  when  pyrolized .  (Metal  stearates  modified  to  make  them  less  hydro- 
phobic  should  be  tried  *  Silane  coating  appears  to  do  a  good  job  on  **E"  glasS) 
and  might  be  used  to  advantage  on  fused  SiO^  fibers .) 

b)  Use  Cement  fillers  that  are  less  abrasive  in  nature,  choose  minerals  that 
are  softer  than  the  reinforcing  fiber  (i.e.,  substitute  calcined  AlCOH)^  for 
fused  AI2O2),  employ  particulate  fillers  with  finer  grain  size  (500  mesh  op 
smaller)  ^  Use  terrnerature-s table,  chemically  inert,  minerals  having  fibrous 
op  needle-shaped  particles  (polygopskite  is  of  particular  interest) . 

c)  Avoid  corrosive  chemical  attack  of  the  fiber  reinforcement  by  eliminating 
unreacted  H3P0|^  in  the  cement  (use  a  pre-reacted  adhesive  solution)  .  Reduce 
the  acidity  of  the  adhesive  solution  by  making  additions  of  magnesia,  etc. 
Provide  particulate  fillers  in  the  cement  that  form  stable  phosphates  at  low 
temperatures  (^620^  is  a  case  in  point) ,  Make  eveiy  effort  tP  protect  the 
Si02  fiber  from  contact  \7ith  alkali  ions  that  promote  devitrificatipn  (the 
alkali-contaminated  stareh-oil  coating  imist  go) • 

3 ,  Increase  the  strength  of  the  cement  hy? 

a)  Iitproving  the  strength  of  the  adhesive  phase  (asswlng  naxiraura  development 
of  A1(%P0j^)3  or  related  con^psitions  by  pre-reactdng  to  achieve  eoaplett 
SPlutioni , 

b)  Further  investigate  the  possibility  of  obtaining  lower  hydrates  that  are 


soluble  but  whieh  fofm  bonds  Gompurable  to  aluminum  phosphate  in  strength  (the 
magnesium  aluminum  phosphate  bond  M-3P  for  exai^le)  * 
g)  Provide  particulate  fillers  that  will  form  strong,  ten^erature  stable, 
GhemiGal  bonds  with  the  aluffiinum  phosphate  adhesive  phase  at  slightly  elevated 
temperatures  so  that  cement  strength  is  developed  with  low  temperature  curing 
(calcined  Al(0l)j,  Fe^Oj,  etCi) 

d)  Adjust  the  adhesive  to  filler  ratio  for  develepment  of  maximum  strength 
with  the  partiGular  reinforeement  used  (yaiTi  reinforeement  robs  cement  of  the 
soluble  adhesive  phase  which  is  drained  to  the  interior  of  the  fiber  bundle) . 

e)  Establish  a  time-tefr$)erature  curing  cycle  that  will  prevent  micro-bubbling 
(during  dehydration  of  the  aluminum  phosphate  bond)  and  promote  the  development 
of  strong  Giystals  in  the  bonding  phase. 

f)  Achieve  the  best  fired  cement  density  possible  through  using  proper  particle 
size  distribution  in  the  cement  filler. 

g)  Eliminate  tensile  stress  on  the  cement  by  altering  the  cement  con^Ositipn 
to  provide  thermal  expansion  characteristics  more  nearly  matching  those  of 
the  reinforcing  fiber. 

It.  Increase  the  effective  extensibility  of  the  cement  by: 

a)  Ett^loying  ndcrO'sfibers  as  a  portion  of  the  cement  filler  material. 

b)  Developing  a  non-brittle,  probably  non-^crystalline,  adhesive  phase. 

% .  Increase  the  coit^ressive  stress  on  the  cement  in  the  lamiMte  struc* 
ture  by  pre»stressing  the  fiber  reinforcement  in  tension.  With  the  present 
fused  Si02  fiber  reinforcement  this  means  for  improving  laminate  strength  is 
limited  in  its  application  to  structures  that  either  never  are  heated  in  the 
annealing  range  of  fused  SiOg,  or  are  held  prfly  briefly  in  this  range  and  not 
e^qpected  to  retain  their  strength  when  cooled  from  the  high  tenperature ,  Pro» 
stressing  cannot  be  of  value  in  in^roving  strength  of  laminates  intended  for 


long  teiin  tise  at  high  temperature  until  u  non»brittle  hi^  modulus^  high 
annealing  nangcj  reinforcing  fiber  is  dereloped* 

Of  all  of  these  suggested  in^rovements ,  the  two  that  would  tnake  outstand* 
ing  Gontributions  to  the  advancement  of  inorganic  laminate  technolo^  are: 
achieving  a  notable  increase  in  the  elastic  modulus  of  the  continuous  filament 
reinforGinf  fiberj  and  producing  a  binder  capable  of  greater  ejcfcension  before 
rupture  *  These  are  fundamental  neGessities .  Neither  are  likely  to  be  accoiplish* 
ed  easily,  but  concentrated  effort  should  be  directed  toward  their  realization , 


